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1 Introduction 
1.1 Organic π-conjugated Materials 
Organic π-conjugated oligomers1 and polymers2 have recently been used as active materials in 
organic field effect transistors (OTFT, OFETs)3, light emitting diodes (OLEDs)4, photovoltaic 
cells5 and sensor materials.7,8 Some of these materials exhibit either metalloid or semiconducting 
properties. The organic nature of these materials, when suitably modified, allows for low-cost 
deposition processes such as printing, stamping, spin coating or evaporation and does not require 
expensive lithography or vacuum deposition steps.3f,6 Low temperature solution processing also 
expands the repertoire of tolerant substrates and allows for the fabrication of flexible, light-
weight and inexpensive devices.7,8 Meanwhile the flat panel displays of a large number of 
commercial products such as cell phones, digital cameras rely on high performance OLEDs.4,7  
 
The theory of charge transport in organic semiconductors has been reviewed extensively1,9 and 
based on the well-documented behavior of inorganic semiconductors,10 many models have been 
proposed, but the exact mechanism remains heavily debated.11 However, in silicon based 
transistors covalent and ionic bonds in a three-dimensional crystalline solid afford an atomic-
orbital overlap, that allows for charge transport and results in highly delocalized bands. In 
contrast, organic semiconductors exhibit only weak intermolecular interactions (van-der-Waals, 
hydrogen-bonding, π−π interactions), since they are based on individual molecules that form 
mostly disordered polycrystalline films.1 
 
A great deal of attention has thus been focused on modifications of the electronic nature of the 
materials to get properties suitable for the desired function (high charge mobility, 
electroluminescence etc.). The band gap, HOMO and LUMO level, and the degree of π-
conjugation can be adjusted via organic transformation to tailor the optoelectronic properties of 
these materials and influence their structure.8,12  
 
The solid-state morphology of conjugated materials plays an important role in the performance 
characteristics of electronic devices.13 Both exciton migration and carrier mobility depend 
strongly on the solid state packing of the conjugated system. Increased intermolecular overlap 
leads to increased bandwidth, which is directly related to the carrier mobility.14 If transport 
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occurs via hopping mechanism, then the hopping rate constant is also increased by a decreased 
distance and an increased overlap of electron density between neighboring molecules. 15 
Structural analysis of established OTFT materials, e.g. pentacene or sexithiophene show that 
these molecules exhibit the ‘herringbone’ motif (Figure 1 top) in which the molecules are packed 
in an edge-to-face two-dimensional layer.15,16 However, the π−π overlap between adjacent 
molecules is minimized in this type of solid-state arrangement. The intermolecular interaction is 
increased by a face-to-face arrangement of the conjugated molecules. The presence of π-stacking 
(Figure 1 bottom) can be inferred from X-ray analysis. The typical interplanar distance for π-
stacking is 3.4-3.6 Å.17,18  
 
Figure 1. Herringbone arrangement (top) π-stacking (bottom)19 
1.1.1 Thiophene Based Materials 
Due to their highly intriguing photophysical properties, thiophene based oligomers and polymers 
are one of the most extensively studied classes of π−conjugated materials.20,21,22 It has been 
shown that functionalization of these materials has a significant influence on their optoelectronic 
properties. Materials with well-defined small band gaps are known to be accessible.23 
 
Unfortunately, the luminescence emission of thiophenes is often quenched, due to the tendency 
to form aggregates in the solid state. In addition, twisting of these molecules can interrupt the 
conjugation. Therefore, fused bithiophenes (Chart 1) with a more rigidified and planar structure 
are advantageous, since they exhibit smaller HOMO-LUMO gaps and a higher degree of π-
conjugation compared to simple oligo- or polythiophenes. In those rigid systems, high quantum 
yields can be achieved, since fluorescence is favored over internal conversion processes.24,25   
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S S
E
S S
E1
E2
E = BR, CR2, SiR2, NR, PR, S
E1 = SiR2, N, S
E2 = S, CR, GeR2, SnR2  
Chart 1. Fused bithiophene materials 
Fused bithiophene heterocycles (Chart 1) are of particular interest due to their chemical, thermal 
and optical stability. Optoelectronic properties for various applications can be adjusted via 
organic transformations. Fused bithiophene containing five or six membered central arenes and 
heteroarenes have been reported based on group 13 (B), 14 (Si, Ge, Sn), 15 (N, P) or 16 (S).26 A 
remarkable amount of studies on the syntheses and optoelectronic properties of five membered 
rings containing bithiophenes such as cyclopenta[1,2-b:3,4-b’]dithiophenes 27 , dithieno[3,2-
b:2’,3’-d]siloles28, dithieno[3,2-b:2’,3’-d]pyrroles29 and dithieno-[3,2-b:2’,3’-d]thiophenes30, 31 
including their potential application in organic electronics have been performed over the past 
years. In contrast to the above described ring-systems, analogous building blocks using 
phospholes as central rings have attracted only little attention until recently.32,33 
1.1.2 Phosphole Based Materials 
Although the first phosphole syntheses were described in the 1950s,34 synthetic routes combining 
high yields with a diversity of substitution patterns were only discovered in the late 1960s.35 
Therefore, investigations involving phospholes as building blocks in π-conjugated materials 
started in the 1990s and their number is relatively low compared to those based on pyrroles and 
thiophenes that were already discovered in the 19th century. 
 
However, the incorporation of phosphorus centers into oligomeric or macromolecular materials 
is currently experiencing increasing attention.22,32,36 Theoretical studies on phospholes imply that 
they might be an excellent building block for the construction of π-conjugated systems. 35,37,,38 
 
Due to the pyramidal structure of the tricoordinate phosphorus center, 37, 39 phosphole containing 
bithiophenes are of particular interest. In contrast to planar pyrroles, an efficient orbital 
interaction of the lone-pair with the conjugated system is inhibited resulting in a low degree of 
lone-pair delocalization.32 Numerous theoretical studies confirm the low aromaticity of 
phospholes.35,36a,38,40 This was ascribed to the geometry of the phosphorus center and the s-
character of the lone-pair (Figure 2). 
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Figure 2. π*-orbital (empty) and π-orbital of the butadiene moiety; n-orbital (lone-pair orbital) and P-C σ*-orbital 
of the pyramidal phosphorus (left); n-orbital of the planar nitrogen atom (right)  
The aromatic character of the phosphole ring results from interactions (σ-π hyperconjugation) 
between the endocyclic π-system of the butadiene moiety and the exocyclic P-C bond and leads 
to a low lying LUMO energy level that is particularly attractive for organic electronics. The 
pyramidal geometry of the phosphorus and the weak P-C bond, allow for this hyperconjugation. 
The resulting structure is reminiscent to that of siloles (LUMO energy phosphole 1.50 eV/ silole 
1.39 eV).22b,38a,41 
1.1.2.1 Oligo(phospholes) 
Mathey et al. reported on the preparation of α,α’-oligo(phosphole)s and discovered several 
synthetic routes to yield linear bi- and tetraphospholes (Chart 2), starting from 1-phenyl-3,4-
dimethylphosphole via dehydrohalogenation of the corresponding 1-halogenophospholium-
salts.40a,42 
 
P
Ph
RR
P
Ph
RR
P
Ph
RR
P
Ph
RR
P
Ph
RR
P
Ph
RR
Br
Br
I II  
Chart 2. First oligophospholes 
Biphospholes of type I are accessible starting from a bromo-precursor through 2-
lithiophospholes that allow for metal catalyzed coupling reactions. 43  Bromo-capped bi-
phospholes can also be synthesized after bromine-lithium exchange and quaterphospholes II 
after oxidative coupling with CuCl2.44 Due to limited accessibility of suitable bromo-precursors, 
the bromo-capped quaterphosphole II is the longest known oligo-phosphole.43 
 
Reductive cleavage of the exocyclic P-Ph bond of the biphosphole gives the phospholyl anion, 
which can react as nucleophile to form e.g. P-cyanobiphosphole.42e Oxo-and thioxoderivatives as 
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well as neutral and cationic transition metal-complexes can be synthesized via facile 
modifications of the biphosphole.42d-f These complexes have been used as precursors for 
homogenous catalysts.45 
 
Mathey et al. have also prepared a series of thienyl and phenyl-capped biphospholes (Chart 3) 
that are of particular interest due to the presence of electroactive thienyl moieties and the 
structural diversity (linear, cyclic etc.).46 Conjugated cyclic oligomers are also available via 
Wittig reactions.47 
 
P
E
RR
P
E
RR
ArAr
Ar = bithiophenyl, phenyl
E = CH2Ph, CN, Me P
(CH2)n
RR
P
RR
ArAr
P
R R
P
R R
Ar Ar
(CH2)n
Ar = phenyl
n = 1,4
P
R
R
P
R
R
ArAr
Ar = bithiophenyl  
Chart 3. 
However, the optical and electrochemical properties of these previously described 
oligo(phosphole)s have not been investigated to date. 
1.1.2.2 Mixed Phosphole Containing Oligomers 
2,5-Diphenylphospholes III (Chart 4) were the first reported phospholes that contain a π-
conjugated system.34b-c,48,49 Oligomers of type IV that contain phosphole-moieties and further 
heteroarene units (thiophene or furane) were first reported by Mathey et al. in 1991, but again no 
photophysical properties were reported.50 
 
P
RR
R = H or Ph
Ph
P
Ph
Y
P
Ph
Y = O or S
III IV  
Chart 4. Mixed phosphole oligomers 
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2,5-Diaryl- and 2,5-bis(heteroaryl)phospholes 
The “Fagan-Nugent route” was used by Réau and coworkers to prepare 2,5-diaryl- and           
2,5-bis(heteroaryl)phospholes (V). 51 , 52 ,22 On these systems (Chart 5) the first systematic 
investigations of phosphole containing π-conjugated systems including model molecules, 
conducting polymers and materials suitable for OLED applications were performed. It is possible 
to modify the chemical structure of these π-conjugated materials in different manners. Variation 
of the excocyclic phosphorus substituent (R), the size of the fused carbocycle at the backbone, 
the aromatic groups (Ar), as well as facile reaction of the phosphorus center (oxidation, 
methylation, complexation etc.) allow for tuning of the optoelectronic and structural properties 
of these derivatives. 
 
P
n
ArAr
RE
n = 1, 2
Ar = 2-thienyl, 2-pyridyl, phenyl
R = Ph
E = O, S, Se, BH3, AuCl, W(CO)5, Me
+
V  
Chart 5. 2,5-diaryl- and 2,5-bis(heteroaryl)phospholes investigated by Réau et al.  
Annelated Phospholes 
Annelated π-conjugated phosphole systems like dibenzo- and dithienophospholes, do not display 
the typical electronic properties and reaction patterns as phospholes, since the dienic system is 
incorporated in the delocalized benzene or thiophene electron sextet.35,53 The dibenzophosphole 
was the first type of phosphole to be prepared,34a but its photophysical and electrochemical 
properties have been studied only recently and it has been used as building block in π-conjugated 
materials.52d,g,54  
Dithienophospholes 
Although the first phosphorus bridged bithiophene VI was reported by Lampin and Mathey55 in 
1974, no further phosphole bridged bithiophenes (Chart 1, E = PR) were reported until 2003 
when our group started to investigate the synthesis of dithieno[3,2-b;2’,3’-d]phospholes, their 
derivatives and the optoelectronic properties of these materials.32 Cyclophosphazene VII that 
contains isomeric dithienophosphole moieties has also been reported in 2004, but no 
photophysical properties can be found in literature (Chart 6).56 The isomeric syn-derivative VIII 
was reported by Mathey et al. only very recently in 2007.57  
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S S
P
OPh
P
N
P
N
P
N
VII
S
S
S
S
SS
P
SS
VIII
Ph
VI  
Chart 6. Phosphorus bridged bithiophenes 
Synthesis and optoelectronic properties of dithieno[3,2-b;2’,3’-d]phospholes and their 
derivatives have been investigated in our goup32,64,78 and are part of this work. 
1.1.3 Devices 
As mentioned earlier, organic materials have great potential for application in electronic devices, 
such as organic field effect transistors (OTFTs, OFETs), light emitting diodes (OLEDs), non 
linear optics (NLO) and sensor materials.7,8 The first organic field-effect transistor was reported 
in 198658a and since then there has been great progress in the development of OTFTs, allowing 
for applications such as electronic paper3e,6c,58a sensors58b,c and memory devices.3b,58d Meanwhile 
the flat panel displays of a large number of commercial products such as cell phones, digital 
cameras rely on high performance OLEDs and only recently was the first commercially available 
OLED-TV offered by SONY.4 
 
OFETs (or OTFTs) are three-terminal devices. Voltage is applied to a gate electrode that controls 
the current flow between the source and drain electrodes. The other components are a dielectric 
layer and the active semiconducting material. Two types of device configuration are generally 
used: top or bottom contact ( Figure 3).2d,9a,59,60 Devices using the benzannelated dithieno-
phosphole derivative 26 (vide infra) as active material using both setup types were prepared by 
the Sokolowski group in Bonn (Figure 4).  
 
 
 
 
 
 
 
 Figure 3. OTFT device configuration a) bottom contact device b) top contact device 
source drain 
gate 
insulator 
semiconductor source drain 
gate 
insulator 
semiconductor 
a) b) 
8  1 Introduction 
 
 
 
 
Figure 4. Bottom-contact (top) top-contact (bottom) 
OLEDs (Figure 5) are usually assembled on a transparent substrate (e.g. glass) that contains an 
ITO layer (anode), the emitting material and a cathode. After the injection of electrons (in the 
LUMO) at the cathode and holes (into the HOMO) at the ITO electrode, the charges recombine 
and form excitons. When an exciton drops back to the ground state, light is emitted. Ideally there 
is a negligible energy difference between the Fermi level of the cathode and the LUMO of the 
semiconducting material and its HOMO and the ITO Fermi level. 4a,61 
 
S1
S0
Exciton
organic material
g
la
s
s
c
a
th
o
d
e
h!
IT
O
 
Figure 5. Schematic setup of an OLED device 
The typical two-layer (heterojunction) OSC contains donor and acceptor materials layered 
between two electrodes (Figure 6). The Fermi level of the electrodes (usually ITO and Al) is 
adjusted to the donor HOMO and acceptor LUMO to allow for an efficient charge transport. The 
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charge transport between the layers is a result of the difference between the ionization energy of 
the donor and the electron affinity of the acceptor material.62 
 
h!
glass
ITO
EDOT
organic layer
Al
Al
ITO
VOSC
donor
acceptor
h!
 
Figure 6. Schematic OSC setup (left) and HOMO/LUMO levels of the donor and acceptor material in the organic 
layer (right) 
All these applications require materials with adjusted HOMO-LUMO levels, and thus fine-
tuning of the band gap of the novel dithienophosphole based materials is one of the goals of this 
thesis. 
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1.2 Scope of the Thesis 
In this work, new materials containing π-conjugated systems that combine the advantageous 
properties of thiophenes and phospholes (Chart 7) have been synthesized. The optoelectronic 
features of these phosphorus bridged bithiophenes and their suitability for optoelectronic 
applications are of particular interest. 
S S
P
R1R
1
R2 E  
Chart 7. The dithieno[3,2-b:2’,3’-d]phosphole system 
The influence of facile chemical modifications on the HOMO-LUMO band gap and packing 
properties of the system has been investigated. In this context several methods were considered, 
including 
- Reactions at the phosphorus center (oxidation, complexation, methylation) 
- Different substituents R1 at the dithieno-scaffold  
- Variation of the exocyclic phosphorus substituent R2 
 
In order to yield different color emissions and a smaller band gap, it is necessary to extend the π-
conjugated system of the dithienophosphole. Two different strategies were pursued in this work. 
In a first attempt suitable functionalization of the dithienophosphole moiety via cross-coupling 
reactions with arenes and heteroarenes was performed. Secondly, annelated materials containing 
the dithienophosphole moiety with extended π-conjugation, have been prepared. In general 
derivatives shown in Chart 8 and corresponding precursors were the synthetic goal of this thesis.  
 
S S
P
ArAr
R' E
S S
P
R' E  
Chart 8. Target molecules 
To investigate the suitability of the new dithienophospholes as materials in optoelectronic 
devices, the materials are currently being tested by our cooperation partners.  
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2 Results and Discussion  
Dithienophosphole-based oligomers and polymers are promising materials for devices such as 
OLEDs and OTFTs.22 Due to their electronic structure and the rigid π-conjugated system they 
show intriguing optoelectronic properties, i.e. emission is favored relative to internal conversion, 
resulting in a bright fluorescence. The versatile reactivity of the λ3σ3-phosphorus center allows 
for facile functionalizations (oxidation, complexation etc.) to adjust the band gap. Furthermore 
substituents at the 2- and 6- positions of the dithieno-scaffold but also the substituents at the 
phosphorus center are powerful tools to influence the properties of these materials (Chart 9). 
Extension of the π-system via cross-coupling reactions (R = Ar) or annelation of arenes results in 
materials with decreased HOMO-LUMO band-gap and influences their organization in the solid 
state (chapter 2.4-2.5).  
S S
P
RR
R' E
R = H, TMS, TBDMS, Ar
E = lone pair, O, S, BH3, transition metal
R' = Ph, C6F5
S S
P
R' E
 
Chart 9. Tuning of the dithieno[3,2-b:2’,3’-d]phosphole system 
Quantum chemical calculations on a dithieno[3,2-b:2’,3’-d]phosphole system (R = SiH3, R’ = H) 
have shown that the π-system is well delocalized over the entire molecule (Figure 7).32 The 
HOMO is the antibonding combination of the thiophene and phosphole HOMO and contains a 
nodal plane at the phosphorus. The LUMO contains a contribution from the σ∗P-R MO. Thus 
chemical modifications at the phosphorus center will have a significant influence on the 
LUMO.32 
 
Figure 7. Calculated frontier orbitals of a dithienophosphole (R = SiH3, R’ = H) HOMO (left) LUMO (right) 
(B3LYP/6-31G*)
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2.1 Dithienophosphole Synthesis and Derivatives 
Dithienophospholes 2a-c can be easily synthesized in four steps starting from thiophene.32 
Oxidative coupling with copper(II) chloride followed by bromination provides the 3,3’-5,5’-
tetrabromothiophene in good yields. Substituents R1 at the 5,5’ position of the dithiophenes 1a-c 
help adjusting the properties of the final materials and can be introduced after lithiation with n-
BuLi. Introduction of silyl-groups in these precursors alters the solubility, modifies the packing 
properties and tunes the optoelectronic properties of the final material. Subsequent lithiation of 
the 3,3’-position of the dithiophenes 1a-c followed by reaction with dichlorophenylphosphane 
gave the dithienophospholes 2a-c in 70-75% yield (Scheme 1). An excess of TMEDA was added 
in this reaction step, to avoid intermolecular reactions. 
S S S
S Br
Br
Br
Br
S
S
S R1
Br
Br
R1
S S
P
R1R1
1. BuLi
2. PhPCl2
Et2O, TMEDA
1. BuLi
2. Cucl2 Br2
1. BuLi
2. R1-Cl or H2O
THF
CHCl3/CH3COOH
2a-c1a-c  
Scheme 1. Synthesis of dibromobithiophene precursors 1a-c and dithieno[3,2-b:2’3’-d]phospholes 2a-c (a: R = 
TMS, b: R = TBDMS, c: R = H). 
The unsubstituted dithienophosphole 2c was also synthesized in the absence of TMEDA, at 
lower concentration in the reaction mixture (1 mmol/40 ml of diethyl ether) in order to avoid 
intermolecular reactions. This method was well suited to perform an upscaled synthesis of 2c in 
almost quantitative yield (95%). Functional groups in 2- and 6-position of the dithieno-unit could 
be introduced after lithiation of the phosphole with LDA.  
 
The 31P NMR spectra of 2a-c show singlet resonances (2a: δ = –25.0, 2b: δ  = –27.4, 2c: δ =      
–21.5 ppm) that are shifted upfield relative to related phospholes reported by Réau et al. (δ = 11-
45 ppm). 52c Phospholes 2a-c show very bright and intense blue fluorescence emission in solution 
with exceptionally high quantum yields (60–78%). Comparably high quantum yields cannot be 
found in other non-fused dithieno29i,31a or phosphole52c systems. The optoelectronic properties of 
2a-c are summarized in Table 1. The excitation wavelengths for all phospholes 2a-c are in the 
UV-region. A large Stokes shift (58–78 nm) suggests a rearrangement upon photoexcitation.  
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Due to the electron withdrawing effect of the silyl-groups in the TMS and TBDMS substituted 
derivatives 2a and 2b, a lowfield shift in the 31P NMR resonance and a red shift of the 
optoelectronic data is observed compared to the unsubstituted phosphole 2c. Interestingly, the 
different substituents at the silicon only influence the absorption maximum (2a: λex = 344 nm; 
2b: λex = 364 nm), whereas the emission maximum is not affected and appears at 422 nm for 
both compounds 2a and 2b. This is in accordance with the stronger +I-effect of the tert-butyl 
unit compared to a methyl unit at the silicon that causes a 20 nm bathochromic shift.  
 
Fluorescence is also observed in the solid sate and typically shows a red shift of both absorption 
and emission, due to molecular interactions that are negligible when fluorescence is measured in 
diluted dichloromethane solutions. In analogy to solution studies, the influence of the silyl-
substituents on the emission maxima are also found in the solid state, therefore the transitions of 
2a and 2b are shifted to higher wavelengths relative to the unsubstituted derivative 2c (Table 1). 
A relatively large Stokes shift (73 nm) is observed for compound 2b in the solid state. 
Table 1. Optoelectronic properties of compound 2a-c 
Compound λex [nm][a] λem [nm][b] φPL [%][c] λex [nm][d] λem [nm][d] 
2a 344 422 60 406 452 
2b 364 422 79 380 453 
2c 338 415 78 389 437 
[a] λmax for excitation in CH2Cl2; [b] λmax for emission in CH2Cl2; [c] fluorescence quantum 
yield, relative to quinine sulfate (0.1M H2SO4 solution) ±10%, excitation at 365 nm; [d] λmax 
for excitation and emission in the solid state. 
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2.1.1 Modification of the Phosphorus Center 
The optoelectronic and packing properties of the dithienophospholes 2a-c can be easily altered 
significantly via facile reactions at the trivalent phosphorus center (Scheme 2). 
 
S S
P
RR
S S
P
RR
S S
P
RR
S S
P
RR
O
S
BH3
2a-c
3a-c
4a
5a,c
 
Scheme 2. Reactions of the dithieno[3,2-b:2’3’-d]phosphole system (a: R = TMS, b: R = TBDMS, c: R = H). 
Reactions of the dithieno[3,2-b:2’3’-d]phospholes 2a-c with oxidizing agents such as H2O2 or 
sulfur in dichloromethane at room temperature result in the clean formation of the phosphole 
oxides 3a-c and phosphole sulfide 4a, respectively. Compared to the parent phospholes (2a: δ = 
–25.0 ppm, 2b: δ  = –27.4 ppm, 2c: δ = –21.5 ppm) the 31P NMR spectra of these derivatives 
show a significant lowfield shift due to the increased electron-acceptor ability of the phosphorus 
center (4a: δ = 23.6 ppm, 3a: δ = 17.2 ppm, 3b: δ = 14.9 ppm, 3c: δ = 16.4 ppm). 
 
For the same reason a bathochromic shift of the excitation and emission wavelengths is observed 
relative to the oxidized derivative 3a-c (Table 2). The wavelength maxima for both types of 
compounds 3a-c and 4a are in the range of 453-470 nm. Their relative intensities are very 
different since the fluorescence intensity is remarkably quenched in the sulfur derivatives 4a. 
However the relative quantum yields of compounds 3-4 are still exceptionally high (56-57%). 
 
In analogy to the phospholes 2a and 2c, absorption and emission of the oxidized compounds 3a 
and 3c, is shifted to higher wavelengths when an acceptor is present in the 2 and 6 positions (3a: 
λex = 374 nm, λem = 460 nm; 3c: λex = 366 nm, λem = 453 nm). In contrast to derivative 4a, the 
oxidized compounds 3a and 3c do show fluorescence in the solid state. Again, a bathocromic 
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shift of the wavelength maxima is observed and can be ascribed to intermolecular interactions. 
This effect is most pronounced for the unsubstituted derivative 3c. Steric reasons probably avoid 
aggregation when R is a bulky substituent leading to a less pronounced red shift of the 
wavelength in the solid state. 
Table 2. Optoelectronic properties of compound 2-5(a-c) 
Compound λex [nm][a] λem [nm][b] φPL [%][c] λex [nm][d] λem [nm][d] 
2a 344 422 60 406 452 
2b 364 422 79 380 453 
2c 338 415 78 389 437 
3a 374 460 56 426 465 
3c 366 453 57 421 468 
4a 384 470 56   
5a 355 432 57 399 466 
5c 346 424 69   
[a] λmax for excitation in CH2Cl2; [b] λmax for emission in CH2Cl2; [c] fluorescence quantum 
yield, relative to quinine sulfate (0.1M H2SO4 solution) ±10%, excitation at 365 nm; [d] λmax 
for excitation and emission in the solid state. 
The Lewis acid adducts 5a and 5c were formed in quantitative yields when BH3 (generated in 
situ from BH3SMe2) was added to the phospholes 2a and 2c in dichloromethane at room 
temperature. The observed lowfield shift of the 31P NMR resonances (5a: δ = 12.1 ppm, 5c: δ  = 
13.0 ppm) are in accordance with the electronic nature of the phosphorus and range between the 
resonances observed for the parent phosphole 2a and 2c and the oxidized derivatives 3a and 3c. 
The fluorescence maxima of 5a and 5c show a similar relationship. The 11B NMR spectra of 5a 
and 5c show typical resonances (δ = 40±2 ppm) for phosphane-borane adducts.63 
 
Fluorescence emission in the solid state was measured for selected compounds and was found to 
be shifted to higher wavelengths due to interactions between the molecules in the solid state that 
cannot occur when measured in diluted solutions (Table 2). Quantum yields of all derivatives are 
exceptional high (56-79%) compared to other phosphole or dithieno systems,52,31a likely due to 
the rigid structure of the dithienophosphole system. 
 
The phosphorus center in 2c also allows for methylation. The phospholium salt 6 was prepared 
by S. Durben by the reaction of the dithienophosphole 2c with methyl triflate (Scheme 3).64 The 
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fluorescence emission in solution changed from blue (2c: λem = 415 nm) to green (6: λem = 467 
nm) during the reaction. The 31P NMR spectrum of 6 shows a single resonance at 12.2 ppm that 
is significantly shifted downfield from that of the starting material 2c (δ = –21.5 ppm). 
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P
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P
trif
Metrif
2c 6  
Scheme 3. Methylation of the dithieno[3,2-b:2’3’-d]phosphole 2c 
In summary, the optoelectronic properties of the dithieno[3,2-b:2’3’-d]phosphole system can be 
tailored efficiently by facile modifications. Variation of the phosphorus center strongly 
influences the optoelectronic properties of the system.  
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2.1.2 Transition Metal Complexes*65 
Due to the Lewis basic nature of the phosphorus center, transition metal complexes incorporating 
the dithieno[3,2-b:2’,3’-d]phosphole ligands 2a-c are also accessible in high yields by facile 
chemical procedures (Scheme 4).  
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Scheme 4. Transition metal complexes with dithieno[3,2-b:2’3’-d]phosphole ligands 2a-c (a: R = TMS, b: R = 
TBDMS, c: R = H)  
 
                                                
* M. Eggenstein is acknowledged for synthetic work 
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2.1.2.1 Pt, Pd, Fe, W and Rh Complexes 
The Pt-complexes 7a-c were synthesized in almost quantitative yields (Scheme 4) when K2PtCl4 
reacted with two equivalents of the corresponding dithienophosphole 2a-c in dichloromethane at 
room temperature. The singlet resonances observed in the 31P NMR spectra are shifted downfield 
upon complexation compared to the free ligands (7a: δ = –9.2 ppm; 7b: δ = –10.5 ppm; 7c: δ =  
–7.6 pm) and mirror the increased acceptor character of the phosphorus center. 195Pt satellites 
can be observed in the NMR spectra with coupling constants (7a: 1J(P,Pt) = 3508 Hz; 7b:     
1J(P,Pt) = 3511 Hz; 7c: 1J(P,Pt) = 3506 Hz) that indicate the formation of cis-isomers for all 
derivatives.66 This is in accordance with the observations made for comparable Pt(II)-complexes 
with dibenzophosphole ligands exhibiting cis-configuration of the square planar complexes.67 
Although the Pt-complexes crystallize from different solvents and allow for X-ray diffraction 
measurements, disorder of the solvent molecules and the complexes hampered their structure 
determination. However, the cis-configuration is confirmed by these X-ray crystal structure 
analyses. 
 
In a previous work32c cis-Pd(cod)Cl2 was used as starting material and the Pd-based 
dithienophosphole complex 8a was formed. In contrast to the Pt-complexes 7b this complex 
showed trans-configuration in the solid state. In solution both configuration isomers of 8a (ratio: 
cis:trans = 3:1) were found. The pseudo triplet splitting for most of the 13C NMR signals 
corroborates the formation of the bis-dithienophosphole complexes for both Pd and Pt, due to the 
presence of two different phosphorus centers.  
 
Rhodium complexes 9a and 9b were accessible when the dithienophospholes 2a and 2b were 
reacted with half an equivalent of [Rh(cod)Cl]2 respectively in THF at room temperature. The 31P 
NMR resonances of the complexes 9a (δ = 11.5 ppm) and 9b (δ = 10.5 ppm) show a significant 
low field shift compared to the free ligands 2a and 2b and the typical coupling constants for both 
compounds (1J(P,Rh) = 148.3 Hz). Due to the square planar geometry of the complexes four 
resonances for the cyclooctadiene ligands were found.68 
 
Tungsten and iron carbonyl complexes with one and two dithienophosphole ligands were 
prepared to explore the effects of different complex geometries and varying number of ligands 
on the optoelectronic properties of the materials. W(CO)6 was expected to provide an octahedral 
geometry and Fe(CO)5 a trigonal bipyramidal geometry when reacted with one equivalent of 
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dithienophosphole ligand to form 12a and 10a,c. Tungsten mono(dithienophosphole) complexes 
10a and 10c that were formed when W(CO)5THF reacted at room temperature in THF with the 
ligands 2a or 2c show 31P NMR resonances similar to Pt-based complexes (10a: –7.9 ppm, 10c: 
–3.9 ppm). Again this supports the increased acceptor character of the phosphorus center within 
the ligand. 1J(P,183W) coupling constants (10a: 227.9 Hz, 10c: 230.0 Hz) support the formation 
of complexes 10a and 10c.69 The iron mono(dithienophosphole)complex 12a that is formed by 
reaction of Fe2(CO)9 with 2a at room temperature, shows the most significant lowfield shift (δ 
31P = 49.9 ppm) within the metal-complexes examined.  
 
The tungsten bis(dithienophosphole) complex 11c was formed when the 
mono(dithienophosphole) complex 10c was irradiated with UV-light in presence of an extra 
equivalent of the ligand 2c. The 31P NMR resonance of 11c shows a slight low field shift (δ  = –
2.9 ppm) compared to the mono(dithienophosphole) complex 10c and the typical 1J(P,W) 
coupling of 225 Hz. A lowfield shift can also be observed for the 31P NMR signal of the iron-
bis(dithienophosphole) complex 13a (δ = 59.4 ppm) that is formed when two equivalents of 2a 
were allowed to react with Fe2(CO)9.  
 
The bis(dithienophosphole) complex 11c shows two sets of 13C NMR signals for the carbonyl 
carbon atom (δ 13C = 202.9 and 200.7 ppm) suggesting a cis-configuration of the complex. Only 
one carbonyl carbon signal (δ 13C = 212.7 ppm) is observed for the iron complex 13a indicating 
the formation of the trans-configurated complex. The pseudo triplet splitting observed for most 
of the 13C NMR signals for both complexes 11c and 13a corresponds to the observations made 
for the Pd- and Pt-complexes and indicates the presence of two phosphorus moieties and the 
formation of the bis(dithienophosphole) complexes. 
Optoelectronic Data 
The optoelectronic data for the transition metal complexes 7-13 are summarized in Table 3 and 
are governed by the intra-π-π*-transitions of the ligands 2a-c. The complexes with the silyl 
functionalized ligands 2a and 2b show emissions at 460-461 nm. Ligand 2c gives complexes 
with less intense emissions at 437-451 nm. The shift of the maximum wavelengths is in analogy 
to the observations made for the dithienophospholes 2a-c and dithienophosphole oxides 3a-c that 
show also a red shift for silyl-functionalized species. 
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The formation of the metal complexes discussed herein is clearly indicated by the red shift of the 
maxima for relative to the free ligands 2a-c. As a result of the increased electron acceptor 
character at phosphorus, the π*-LUMO level is decreased to give a smaller band gap. 
Accordingly, absorption and emission were observed at higher wavelengths. 
 
The influence of different complex geometries and numbers of ligands does not show significant 
influence on the optoelectronic properties of the examined rhodium, tungsten and iron complexes. 
The wavelength maxima were found at 393-398 nm for absorption and at 460-461 nm for 
emission. The rhodium-complex shows the strongest photoluminescence. Very poor fluorescence 
is observed for the cis-Pt complexes whereas the trans-configured Pd-complexes show relatively 
strong fluorescence. 
Table 3. Optoelectronic properties of the transition metal complexes 7-13(a-c) 
Compound λex [nm][a] λem [nm][b] φPL [%][c] 
7a 365 460  
7b 364 460  
7c 362 451  
    8a32c 384 470 61 
9a 398 461 57 
9b 396 461 66 
10a 391 460 74 
10c 355 437  
11c 351 441  
12a 388 460 75 
13a 394 461 60 
[a] λmax for excitation in CH2Cl2, [b] λmax for emission in CH2Cl2; [c] fluorescence quantum 
yield, relative to quinine sulfate (0.1M H2SO4 solution) ±10%, excitation at 365 nm.  
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2.1.2.2 Gold Complexes 
Functionalization of the dithienophospholes via AuCl provides intensified optoelectronic 
properties of the dithienophosphole moiety.70 In general, phosphanyl gold(I) complexes have 
been found to exhibit interesting luminescence properties, and Réau et al. have investigated their 
use in OLEDs.52d,f 
 
Gold-complexes 14a-c were obtained in quantitative yields when the phospholes 2a-c were 
reacted with (tht)AuCl in dichloromethane at room temperature. The low-field shift of the 31P 
NMR resonances (14a-c: δ = 1-3 ppm) indicates the formation of the desired gold-complexes. 
Due to the resulting increased electron acceptor character of the phosphorus, the π*-LUMO 
energy is decreased. High photoluminescence intensities are observed for all complexes 14a-c. 
Table 4. Optoelectronic properties of the gold complexes 14a-c 
Compound λex [nm][a] λem [nm][b] φPL [%][c] λex [nm][d] λem [nm][d] 
14a 290, 375 445 56 370,414 445 
14b 311, 406 445 - 411 445 
14c 304, 390 437 - - - 
[a] λmax for excitation in CH2Cl2, [b] λmax for emission in CH2Cl2; [c] fluorescence quantum 
yield, relative to quinine sulfate (0.1M H2SO4 solution) ±10%, excitation at 365 nm; [d] λmax 
for excitation and emission in the solid state. 
The optoelectronic properties of the gold-complexes are summarized in Table 4. The silyl 
functionalized gold complexes 14a and 14b show very similar emission spectra in solution with 
maxima found at 445 nm. The excitation spectra however differ significantly (Figure 8 and 
Figure 9). Two maxima can be observed in the excitation spectra of the gold complexes 14a-c. 
The more intense maxima at higher wavelength are attributed to π−π* intraligand transitions, 
whereas the transition at higher energy cannot be assigned unequivocally. Intra n-π* and ligand 
metal charge transfer processes (LMCT) are reported for related gold(I) complexes 70,71  
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Figure 8. Fluorescence spectra of 14a in solution excitation (left) emission (right)  
 
 
Figure 9. Fluorescence spectra of 14b in solution, excitation (left), emission (right; irradiated at 311 nm (blue 
spectrum) and 406 nm (green spectrum) 
In the solid state both compounds 14a and 14b show intense fluorescence and exhibit similar 
emission with a maxima at 455 nm. In contrast to the dithienophosphole ligands 2a and 2b 
discussed before, a bathochromic shift of the emission maxima in the solid state compared to 
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measurements in solution was not observed here (Table 4). The additional transition in the 
excitation spectra only appear as a shoulder at the main π-π* transition (Figure 10). 
 
 
Figure 10. Fluorescence spectra of 14b in the solid state; excitation (left) emission (right) 
Low energy transitions due to Au(I)-Au(I) interactions70,71 were not observed in the fluorescence 
spectra of complexes 14a-c. This is in accordance to the observations made in the solid sate 
structure of 14b (chapter 2.1.2.3), where no distance between neighboring Au(I)-atoms small 
enough to suggest d10-d10 interactions can be observed. The absence of corresponding transitions 
due to aurophilic interactions was also reported by Wolf et al.85 for bis(phosphino)-
dithienophenes. 
2.1.2.3 Solid-State Structures  
The gold-complex 14b and the tungsten-complexes 10a and 11c were characterized by X-ray 
crystallography. All three complexes exhibit a high degree of π-conjugation present in the 
dithienophosphole ligand systems, indicated by equalized C-C-bond lengths. The same is true for 
the Pd-complex 8a reported before.32a 
 
Single crystals of 14b (Figure 11) were obtained from a concentrated pentane solution at 4ºC. 
The rigid dithienophosphole moiety shows a planar configuration. Equalized C-C bonds are in 
accordance with a high degree of π-conjugation in the fused ring system. The Au-center shows 
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linear geometry that is typical for phosphanyl-gold chlorides (P1–Au1–Cl1 177.26(4)). 72 
Fluorescence in the solid state that does not show any low energy transitions indicating the 
absence of aurophilic interactions. 
 
 
 
Figure 11. Molecular structure of 14b in the solid state (50% probability level); hydrogen atoms are omitted for 
clarity. Selected bond length [Å] and angels [º]: Au1-Cl1: 2.2946(12), P1-C3: 1.814(4), P1-C6: 1.803(4), P1-C11: 
1.814(4), C1-C2: 1.370(6), C2-C3: 1.412(6), C3-C4: 1.378(6), C4-C5: 1.460(6), C5-C6: 1.382(6), C6-C7: 1.433(6), 
C7-C8 1.373(6); P1-Au1-Cl1: 177.26(4), C6-P1-C3: 91.6(2). 
The tungsten mono(dithienophosphole) complex 10a (Figure 12) crystallized from concentrated 
toluene solution at –30 ºC. The octahedral complex shows equalized C-C bonds in the 
dithienophosphole ligand that indicates a high degree of π-conjugation. Due to the lower electron 
affinity of the W(CO)5 group compared to the AuCl fragment in 14b, the P-C bond-lengths are 
slightly shorter than in the gold-complex. The P1-W1 distance (2.5028(5) Å) is similar to other 
known tungsten complexes.52b 
28  2 Results and Discussion 
 
 
Figure 12. Molecular structure of 10a in the solid state (50% probability level); one toluene solvent molecule and 
the hydrogen atoms are omitted for clarity. Selected bond lengths [Å] and angles [º]: W1-P1: 2.5028(5),W1-C45: 
2.009(2),W1-C41: 2.043(2), W1-C42: 2.037(2), W1-C43: 2.053(2), W1-C44: 2.053(2), P1-C3: 1.824(2), P1-C6: 
1.819(2), P1-C31: 1.826(2), C1-C2: 1.375(3), C2-C3: 1.420(3), C3-C4: 1.377(3), C4-C5: 1.452(3), C5-C6: 1.383(3), 
C6-C7: 1.414(3), C7-C8: 1.373(3); P1-W1-C45: 175.80(6), C6-P1-C3: 90.14(10). 
Single crystals of the dimeric tungsten complex 11c were obtained from a concentrated pentane-
toluene solution (1:1) at –30 ºC (Figure 13). The equalized C-C bond lengths corroborate the 
high degree of π-conjugation within the dithienophosphole scaffold. The structure shows two 
independent cis-configurated molecules with octahedral geometry (endo/exo and exo/exo). Two 
different π-stacking modes are observed. The endo/exo-complex shows interactions between the 
dithienophosphole moiety and the phenyl ring of the adjacent ligand, whereas the exo/exo-
conformer shows a coplanar arrangement of the dithienophosphole planes. 
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Figure 13. Molecular structure of 11c in the solid state (50% probability level); hydrogen atoms are omitted for 
clarity; selected bond lengths [Å] and angles [º]: endo/exo-conformer: W1-P1: 2.4995(10), W1-P2: 2.5006(11), W1-
C3: 1.986(4), W1-C4: 1.999(3), W1-C1: 2.042(3), W1-C2: 2.045(3), P1-C13: 1.825(3), P1-C17: 1.814(3), P1-C101: 
1.833(3), P2-C23: 1.819(3), P2-C26: 1.811(3), P2-C201: 1.826(3), C11-C12: 1.356(5), C12-C13: 1.417(4), C13-
C14: 1.374(4), C14-C15: 1.457(4), C15-C17: 1.375(4), C17-C16: 1.420(4), C16-C18: 1.353(4), C21-C22: 1.356(5), 
C22-C23: 1.422(5), C23-C24: 1.372(5), C24-C25: 1.449(5), C25-C26: 1.372(5), C26-C27: 1.425(5), C27-C28: 
1.374(5); P1-W1-C4: 177.85(9), P2-W1-C3: 172.46(10); exo/exo-conformer: W2-P3: 2.4760(101), W2-P4: 
2.4707(10), W2-C7: 1.994(4), W2-C8: 2.014(4), W2-C5: 2.044(3), W2-C6: 2.040(3), P3-C33: 1.819(3), P3-C36: 
1.820(3), P3-C301: 1.830(3), P4-C43: 1.822(3), P4-C46: 1.827(3), P4-C401: 1.830(3), C31-C32: 1.364(5), C32-
C33: 1.418(4), C33-C34: 1.382(4), C34-C35: 1.448(4), C35-C36: 1.378(4), C36-C37: 1.411(4), C37-C38: 1.365(5), 
C41-C42: 1.353(5), C42-C43: 1.427(4), C43-C44: 1.374(4), C44-C45: 1.441(4), C45-C46: 1.374(4), C46-C47: 
1.415(4), C47-C48: 1.365(4); P3-W2-C7: 179.97(12), P4-W2-C8: 179.11(10). 
2.1.2.4 Conclusion 
The experimental data indicate that the electron acceptor character of the phosphorus center is 
increased by introduction of transition metal fragments. As a result, the energy of the π*-LUMO 
of the dithienophosphole unit is significantly lowered. This leads to materials with smaller band 
gaps compared to the free ligands 2a-c described in chapter 2.1. Furthermore the influence of 
different complex geometries on the optoelectronic properties was investigated and it was found 
that neither the complex geometry nor the number of ligands influences the optoelectronic 
properties of the rhodium, iron or tungsten complexes significantly. The cis-configurated Pt-
complexes 7a-c show in contrast to the trans-configurated Pd-complex 8a very poor 
fluorescence. However, functionalization via AuCl affords a significant optimization of the 
optoelectronic properties of the dithienophosphole moiety.  
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2.1.3 Outlook and Cooperation 
Electropolymerization   
Electrochemical polymerizations on compounds 2c, 3c, 5c and 14c have been performed by J. 
Rault-Berthelot. †  Preliminary results show that the electropolymerization of the dithieno-
phospholes is possible, but strongly depends on the nature of the substituent at the phosphorus. 
2c formed an orange deposit on ITO. UV-VIS measurements indicate the formation of a polymer. 
In the case of 5c electrodeposition of a conducting polymer was not very efficient, because the 
BH3 group seems to be unstable under oxidizing conditions. Only thin deposits on ITO were 
observed when 3c and 14c were tested. Variation of the experiment conditions should give more 
meaningful results. 
 
The gold-complex 14c seems to be the most promising material. Thin purple colored polymer 
films on ITO can be generated. The UV spectrum of the monomer (blue spectrum) and the 
spectra of deposits are depicted in Figure 14. The thin-films show a large absorption band that is 
red shifted to the monomer. Interestingly in thicker deposits (red spectrum) a band at 920 nm 
with an onset of more that 1100 nm can be observed. 
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Figure 14. Polymer deposit on ITO (left), UV spectra of monomer 14c and deposits (right) 
 
                                                
† Institute de Chimie, CNRS-Université de Rennes 1 
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Borabenzenes  
The Piers group‡ successfully synthesized boron-substituted luminescent arenes that show n-type 
semiconducting behavior.73 Due to the Lewis basicity of the phosphole a synthetically facile 
access to materials that combine the advantages of dithienphospholes with those 
of boroarenes is possible. Molecule 15 (Chart 10) was formed when the 
phosphole 2c reacted with a borabenzene derivative. Crystals suitable for X-ray 
crystallography were obtained revealing the structure shown in Figure 15. The 
derivative shows bright fluorescence that is surprisingly hypsochromic compared 
to the starting material 2c. The observed 31P NMR resonance at –3.42 ppm is low 
field shifted compared to 2c and high field shifted compared to the resonances found for 5a and 
5c. The 11B NMR resonance at 15.3 ppm is in accordance with the formation of 15 even though 
it is lowfield shifted compared with the borane adducts 5a and 5c (5a: δ = 12.1 ppm, 5c: δ = 11.9 
ppm). Multinuclear NMR studies indicate that 15 readily decomposed in solution at room 
temperature. 
 
 
 
Figure 15. Derivative 15 was prepared in cooperation with the Piers group‡; molecular structure in the solid state 
(50% probability level); hydrogen atoms are omitted for clarity; selected bond lengths [Å] and angles [º]:S1-C4: 
1.7143(19), S1-C3: 1.717(3), S2-C5: 1.705(2), S2-C8: 1.728(2), P1-C: 1.8019(19), P1-C6: 1.8034(19), P1-C9: 
1.805(2), P1-B1: 1.913(2), C1-C4: 1.377(3), C1-C2: 1.422(3), C2-C3: 1.370(3), C4-C5: 1.454(3), C5-C6: 1.374(3), 
C6-C7: 1.419(2), C7-C8: 1.358(3), C15-B1: 1.484(3), C19-B1: 1.483(3); C4-S1-C3: 91.04(10), C5-S2-C8: 
91.07(10), C1-P1-C: 691.80(9), C1-P1-C9: 109.21(3), C1-P1-B1: 113.82(9), C6-P1-B1:114.57(9), C9-P1-B1: 
115.79(9), C4-C1-P1: 109.55(14), C2-C1-P1: 137.32(16), C2-C3-S1: 113.22(16), C1-C4-S11: 11.86(15), C5-C4-S1: 
133.74(15), C6-C5-S2: 111.75(14), C5-C6-P1: 109.70(13), C7-C6-P1: 137.16(14), C14-C9-P1: 117.49(15), C10-
C9-P1: 122.63(15), C16-C15-B1: 117.47(17), C18-C19-B11: 17.98(17), C19-B1-C15: 119.01(17), C19-B1-P1: 
118.78(14), C15-B1-P1: 121.66(15). 
 
 
                                                
‡ C.A Jaska, M. Parvez, W. E. Piers, Department of Chemistry, University of Calgary, Canada 
Chart 10. 
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OLEDs 
In cooperation with the Meerholz group§, compounds 2c and 4a were tested as OLED materials 
due to their intriguing blue-light emitting features. Preliminary DSC measurements show that the 
compounds only decompose at relatively high temperatures (4a: 360.6 ºC, 2C: 430.4 ºC) and 
show phase transitions at 103.9 ºC and 178.8 ºC. This feature and the good solubility in most 
common organic solvents make low-cost deposition processes like spin-coating or evaporation 
possible. 
                                                
§ N. Rehmann, K. Meerholz, Department of Chemistry, University of Cologne 
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2.2 Pentafluorophenyl Dithienophosphole Based Materials 
2.2.1 Phosphole Synthesis 
In the previous chapters of this thesis, the influence of different substituents at the dithieno-
backbone and at the phosphorus center on the optoelectronic properties of the dithienophosphole 
system has been discussed. In this chapter the influence of the phosphorus-substituent on the 
properties of the materials will be studied. To further modify the electronic properties of the 
dithienophosphole system, an electron-withdrawing substituent (–C6F5) was introduced at the 
phosphorus atom. As a consequence a lower LUMO level and smaller band gap in the resulting 
dithienophosphole materials were expected. A mixture of dibromo- and dichloro-
pentafluorophenyl-phosphane provided from the Hoge group**  was used to build up the 
phosphole ring (Scheme 5), following the procedure for the dithienophosphole 2c described 
before.  
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Scheme 5. Synthesis of the dithieno[3,2-b:2’3’-d]phosphole 16 (X2 = Cl2, Br2 or BrCl) 
A triplet resonance at –51.3 ppm with 3J(P,F) = 23.6 Hz is observed in the 31P NMR when the 
phosphole 16 is formed. Compared to the other dithienophospholes described in this work, this is 
the largest highfield shift observed to date. This feature cannot be explained by the decreased 
electron density at the phosphorus atom and must be ascribed to other structural effects. The 
optoelectronic properties of the phosphole 16 are red shifted relative to the generic phosphole 2c 
(λex = 383 nm, λem = 471 nm) as a result of the electron withdrawing nature of the perfluorinated 
substituent.  
                                                
** S. Hettel, J. Bader, B. Hoge, Institute of Inorganic Chemistry, University of Cologne 
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2.2.2 Perfluorinated Derivatives  
Starting from the perfluorinated dithienophosphole 16, it is again possible to readily access a 
family of derivatives with different physical characteristics and tailor the properties of the 
materials (Scheme 6). 
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Scheme 6. Dithienophosphole derivatives 17-19  
Addition of H2O2 to a solution of the phosphole 16 in dichloromethane gave 17 in almost 
quantitatively yield. The 31P NMR signal at δ = 3.43 ppm shows the typical (relative) lowfield 
shift for the oxidized species, however at higher field than other phosphole oxides reported in 
this thesis. This derivative 17 was brominated with NBS following modified literature methods 
for thiophenes79so that the 2,6-dibromo-derivative 18 was formed (Scheme 6). The halogenated 
and oxidized molecule 18 is also formed directly by bromination of the phosphole 16, which is 
oxidized in situ in this case. The 31P NMR resonance of 18 (3.77 ppm) does not differ 
significantly from that of the oxidized derivative 17. This is in accordance with the observations 
made for the dibrominated dithienophosphole 22 (chapter 2.3.1) that have shown the negligible 
effect of substitution at the bithiophene backbone on the electronic nature of the phosphorus 
atom.  
 
Complexation with gold was shown to improve the optoelectronic properties of the 
dithienophospholes (chapter 2.1.2.2); especially, the fluorescence in the solid state and the 
relative intensities can be increased by the gold complexes formation. When Au(THT)Cl was 
added to a solution of 16 in dichloromethane and reacted for 5 h at room temperature the gold 
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complex 19 was synthesized in almost quantitative yield. A multiplet at δ = –15.1 ppm was 
found in the 31P NMR spectrum. 
 
The optoelectronic data of the compounds 16-19 are summarized in Table 5. The quantum yields 
for all obtained derivatives are relatively high compared to the parent system and its derivatives. 
All compounds 16-19 show a bathocromic shift of ca. 50 nm for the absorption and emission 
maxima relative to their non-fluorinated congeners. This indicates that the band gap between the 
HOMO and the LUMO is significantly reduced due to the electron withdrawing nature of the 
pentafluorophenyl moiety, likely leading to a lowered LUMO level. 
Table 5. Optoelectronic properties of compounds 16-19 
Compound λex [nm][a] λem [nm][b] φPL [%] 
16 268, 383 471 48[c] 
17 268, 383 471 56[c] 
18 281, 408 504 67[c] 
19 280, 361 455 56[c] 
[a] λmax for excitation in CH2Cl2 (π−π* transition in bold). [b] λmax for 
emission in CH2Cl2. [c] fluorescence quantum yield, relative to quinine 
sulfate (0.1M H2SO4 solution) ±10%; excitation at 365 nm. 
Surprisingly the oxidized derivative 17 shows the same absorption and emission maxima as 
phosphole 16 (λex = 383 nm, λem = 471 nm), however higher intensities can be observed for the 
oxidized species. The identical fluorescence maxima can be explained by the fact that the 
electron density at the phosphorus atom is already lowered due to the electron withdrawing 
substituent, such that oxidation does not further influence the LUMO energy level significantly.  
 
A bathocromic shift of the absorption and emission wavelengths is observed for 18 relative to 16, 
due to the additional electron withdrawing effect of the bromo substituents, leading to a further 
lowered LUMO level. 
2.2.3 Solid-State Structures 
Single crystals of compounds 16-19 suitable for X-ray crystallography were obtained from 
concentrated acetone (17, 18), acetonitrile (16) and dichloromethane (19) solutions at room 
temperature, respectively. The structures of compound 16, 17 and 18 are shown in Figure 16. 
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Figure 16.  Molecular structure of 16, 17 and 18 hydrogen atoms are omitted for clarity (probability level 40%). 
 
Table 6. Selected bond lengths and angles of compound 16, 17 and 18. 
 16 17 18 
P1-C3 1.815 1.807 1.807 
P1-C6 1.817 1.794 1.796 
P1-C10 1.832 1.822 1.820 
P1-O1 - 1.481 1.474 
S1-C1 1.728 1.725 1.727 
S1-C4 1.719 1.707 1.704 
S2-C5 1.714 1.703 1.705 
S2-C8 1.724 1.728 1.732 
C1-C2 1.359 1.361 1.359 
C2-C3 1.420 1.417 1.422 
C3-C4 1.384 1.381 1.368 
C4-C5 1.439 1.452 1.451 
C5-C6 1.380 1.377 1.381 
C6-C7 1.417 1.420 1.423 
C10-P1-C3 108.18 109.54 107.40 
C10-P1-C6 103.53 104.24 104.68 
Bond length in [Å ] angles in [º]. 
The structures of 17 and 18 show very similar angles and bond length, whereas the structure of 
the dithienophosphole 16 differs fairly and shows generally longer bond lengths (Table 6). The 
equalized C-C bond lengths in the dithienophosphole moiety of 16, 17 and 18 indicate a high 
degree of π-conjugation. 
 
 A distance of 3.48 Å between the ring of the perfluorinated phenyl and the rigid 
dithienophosphole backbone in the solid-state arrangement of 16 indicates π-stacking interaction 
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(Figure 17). Derivatives 17 and 18 do not show intermolecular interactions in the solid-state 
arrangement. 
 
 
Figure 17. Packing of 16 in the solid state  
The molecular structure of gold-complex 19 in the solid state shows one independent molecule, 
with an almost linear geometry at the gold atom, typical for phosphanyl-gold chlorides.72 One 
solvent molecule (dichloromethane) can be found in the structure. In contrast to the gold 
complex 14b (chapter 2.2) in the solid state, a dimeric structure due to d10-d10 interactions of the 
Au(I)-atoms (distance 3.079 Å) shown in Figure 18 was found. However, solid-state 
fluorescence measurements do not show aurophilic interaction in a low energy transition. The 
absence of transitions resulting from d10-Au-Au-interactions in the solid state was also reported 
by Wolf and coworkers for dimeric gold-complexes of bis(phosphino)dithienophenes.74 
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Figure 18. Molecular structure of 19 in the solid state (50% probability level); hydrogen atoms and one 
dichloromethane solvent molecule are omitted, fluoro atoms are not labeled for clarity; selected bond lengths [Å] 
and angles [º]: Au1-P1: 2.2222(17), Au1-Cl1: 2.2912(16), Au1-Au1: 3.0791(5), P1-C6: 1.786(6), P1-C3: 1.798(7), 
P1-C10: 1.800(7), S1-C4: 1.704(7), S1-C1: 1.722(8), C1-C2: 1.360(11), C2-C3: 1.408(9), C3-C4: 1.395(9), C4-C5: 
1.439(10), C5-C6: 1.382(9), C5-S2: 1.708(6), C6-C7: 1.430(10), C7-C8: 1.364(9), C8-S2: 1.715(8); P1-Au1-Cl1: 
172.56(6) , P1-Au1-Au1: 92.44(5), Cl1-Au1-Au1: 94.00(5), C6-P1-C3: 92.6(3), C6-P1-C10: 109.0(3), C3-P1-C10: 
105.9(3), C6-P1-Au1: 117.0(2), C3-P1-Au1: 114.9(2), C10-P1-Au1: 114.8(2).  
2.2.4  Outlook 
Further extension of the π-system via cross-coupling reaction of functionalized arenes with the 
halogenated species 18 should narrow the HOMO-LUMO band gap (chapter 2.3). Preliminary 
experiments using a Suzuki protocol (Scheme 7 a) to couple pinacole borane substituted 
thiophene 22f with the dibrominated species 18 resulted only in decomposition of the starting 
material, since the phosphorus center seems to be more sensitive towards bases than the other 
dithienophospholes. Therefore Stille coupling procedure (Scheme 7 b), that does not require 
addition of a base, should be used in further experiments to extend the π-conjugation of these 
molecules via cross-coupling reactions.  
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Scheme 7. Cross-coupling reaction to extended π-conjugation 
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2.3 Cross-Coupling-Reactions†† 
The dithienophosphole systems discussed herein so far, are compounds with blue light-emitting 
features only (λem = 408-470 nm). For application such as full color displays, it is however 
desirable to access materials with different color emissions. This can be achieved by a further 
variation of the band gap of the materials. A red shift of the emission is possible by either 
lowering the energy of the LUMO of the molecule or raising the energy of the HOMO. Another 
possibility to get a higher wavelength (lower energy) emission, is to reduce the band gap by 
increasing the degree of π-conjugation in these materials.7,75 Palladium catalyzed cross-coupling 
reactions are a common and appropriate tool to access molecules with a high degree of π-
conjugation.76 
2.3.1 Functionalizing the Dithienophosphole 
To extend the π-conjugated system via cross-coupling reactions it is necessary to functionalize 
the dithienophospholes. In earlier studies, a stannylated dithienophosphole could be successfully 
coupled via Stille protocol to give a phenylene copolymer.32a In a first attempt T. Neumann 
synthesized the boryl functionalized compound.77 By the earlier reported procedure that uses a 
very diluted reaction mixture instead of TMEDA, it was possible to synthesize the unsubstituted 
phosphole 2c as starting material in a scaled-up reaction in quantitative yield. After lithiation 
with LDA and addition of 2-isopropoxy-4,4’,5,5’-tetramethyldioxoborolane the boryl-
functionalized molecule 20 could be obtained.77 As shown earlier (chapter 2.2), the phosphole is 
an excellent ligand for group 10 metals such as palladium. In order to prevent potential 
poisoning of the catalyst it was necessary to protect the phosphorus atom by oxidation, and the 
borylated molecule was oxidized with t-BuOOH (Scheme 8). 
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Scheme 8. Synthesis of boryl functionalized dithieno[3,2-b:2’3’-d]phosphole system 20 
However all efforts to couple this molecule 20 with aryl halides via Suzuki protocol resulted in 
the deborylation of the compound yielding the oxidized unsubstituted species 3c. The coupling 
                                                
†† T. Neumann is acknowledged for synthetic work 
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reaction required CsF to be added as a base. In this experiment fluorescence was not only 
quenched but also shifted to higher wavelength in the presence of fluoride. Further studies on 
this feature were performed and showed that molecule 20 can be used as a selective fluoride-
sensor.77 
Halogenated Dithienophospholes78  
The new strategy to yield extended π-conjugated systems via cross-coupling reaction required 
the “inverse functionalization” of the coupling partners. For that reason halogenated 
dithienophospholes instead of boryl or tin functionalized dithienophospholes were a new 
synthetic goal. The 2,6-diiodo- and 2,6-dibromo-compounds (21, 22) were synthesized by facile 
reaction using 2c as starting material (Scheme 9). Diiodination with molecular iodine could be 
performed by T. Neumann after lithiation of the unsubstituted dithienophosphole 2c with LDA, 
followed by an in situ oxidation of the phosphorus center. Recrystallization from acetone 
provided the diodinated derivative 21 in poor yield (ca. 10%)78, whereas dibromination with 
NBS and in situ oxidation afforded the dibrominated molecule 22 very efficiently (yield 78%) 
within the scope of this thesis. The bromination was performed in an acetic acid/chloroform 
solution following a modified literature procedure for related thiophenes.79 The 31P NMR 
resonances of both dihalogenated molecules 21 and 22 (δ = 16.3 ppm) are similar to the shift of 
the oxidized dithienophosphole 3c (δ = 16.4 ppm). The same is true for the 1H NMR and 13C 
NMR signals. Both materials containing halide substituents show green emission (21: λem= 471 
nm; 22: λem= 473 nm), being in accordance with the electron withdrawing nature of the 
substituents yielding a relatively low-lying LUMO. Absorption of both derivatives is also shifted 
to higher wavelengths compared to the oxidized derivatives 3a-c (21: λabs= 416 nm; 22: λabs= 
494 nm). The quantum yield (57%) is relatively high, which is in analogy to other 
dithienophosphole derivatives discussed in this work.  
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Scheme 9. Synthesis of 2,6-dihalofunctionalized dithieno[3,2-b:2’3’-d]phospholes 21 and 22 
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Single crystals of 22 were obtained from concentrated acetone solutions. X-ray structure analysis 
showed only a slight difference between the iodinated compund 21 obtained by Neumann78 and 
the brominated derivative 22. The cell parameters are almost identical and both derivatives 
crystallize in the same space group (C2/c). The planarity of the dithienophosphole moieties and 
the similar C-C bond-length in the dithienophosphole moiety indicate a high degree of 
π−conjugation in those rigid systems. Only the bigger size of the iodo substituents leads to minor 
differences in the two otherwise identical structures (Figure 19).78 
 
Figure 19. Molecular structure of 21 (left) and 22 (right) in the solid state (50% probability level); hydrogen atoms 
are omitted for clarity; selected bond lengths [Å] of 22 (right): Br1-C8: 1.866(3), Br2-C1: 1.856(3), P1-O1: 
1.4861(19), P1-C10: 1.792(3), P1-C3: 1.810(3), P1-C6: 1.806(3), S1-C4: 1.712(3), S1-C1: 1.725(3), S2-C5: 
1.714(3), S2-C8: 1.724(3), C1-C2: 1.364(4), C2-C3: 1.415(4), C3-C4: 1.373(4), C4-C5: 1.446(4), C5-C6: 1.376(4), 
C6-C7: 1.420(4), C7-C8: 1.371(4), C10-C11: 1.392(4), C10-C15: 1.396(4), C11-C12: 1.378(4), C12-C11: 1.378(4), 
C13-C12: 1.397(5), C13-C14: 1.383(5), C14-C15: 1.379(5); selected bond lengths [Å] of 21 (left): I1-C8: 2.086(6), 
I2-C1:  2.056(7), P1-O1: 1.473(5), P1-C11: 1.787(7), P1-C3: 1.825(6), P1-C6: 1.797(7), S1-C4: 1.728(6), S1-C1: 
1.739(7), S2-C5: 1.706(6), S2-C8: 1.738(7), C1-C2: 1.359(9), C2-C3: 1.421(9), C3-C4: 1.369(8), C4-C5: 1.437(9), 
C5-C6: 1.378(9), C6-C7: 1.409(9), C7-C8: 1.349(10), C11-C12: 1.393(8), C11-C16: 1.371(10), C12-C13: 1.381(10), 
C13-C14: 1.350(13), C14-C15: 1.401(14), C15-C16: 1.394(12). 
Monobromination of the dithienophosphole system to yield oligomers with electron withdrawing 
and donating substituents with different dithienophosphole-moieties have not been successful so 
far.  
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2.3.2 Coupling Products78 
After obtaining the oxidized dibrominated derivative 22 in good yields, it was possible to access 
a broad variety of cross-coupled products 24a-i with extended π-conjugated systems via Pd-
catalyzed Suzuki- or Stille-coupling of functionalized arenes 23a-i with the halogenated 
monomer 22. The stannylated arene precursors 23b,d,e,i were prepared by addition of 
tributyltinchloride to the lithiated compound respectively. When 2-isopropoxy-4,4’,5,5’-
tetramethyldioxoborolane was added to the lithiated arene precursor, the pinacol-borane 
substituted derivatives 23f-h could be obtained after acidic workup. 
 
The boronic acids 23a and 23c reacted following a Suzuki-Miyaura-based procedure using 
toluene as solvent and aqueous Na2CO3 solution as base, whereas the pinacol-borane substituted 
precursors 23f-h were coupled in THF using CsF as base. Stille-protocol was used to couple 
stannylated precursors of the relatively electron poor-arenes 23b,d,e,i using toluene as solvent. 
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Scheme 10. Cross coupling of 22 with functionalized arenes 23a-h to yield extended π-conjugation 
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The homoarene-substituted dithienophospholes 24a and 24d, possessing a high degree of π-
conjugation, were synthesized in good yields (90%). Stille-protocol afforded 24b in 52% yield. 
Unfortunately the 2,6-bis(9’-anthryl) derivative 24d could not be completely analyzed due to its 
insolubility in most common solvents. The compounds 24a-d show slightly upfield shifted 31P 
NMR-resonances (δ = 17.2-17.5 ppm) compared to those of the halogenated monomers 21 and 
22 (δ = 18.8 ppm). The 1H NMR and 13C NMR shifts are similar to the corresponding 
dithienophospholes with additional signals for the cross-coupled substituents. The new materials 
24a-d show a red shift of absorption and emission maxima leading to green and yellow emission. 
The optoelectronic data are summarized in Table 7. 
Table 7. Optoelectronic properties of compound 22, 23 and 24a–i 
Compound λex [nm][a] λem [nm][b] Intensity φPL [%] 
21 (22) 416 (397) 471 (473)  56 (57)[c] 
24a 285, 299, 339, 382, 460 520  36[d] 
calc. 296, 305, 310, 317,432  0.72  
24b 295, 347, 452 529  63[d] 
calc. -:-  -:-  
24c 279, 303, 353, 386, 486 535  38[d] 
calc. -:-  -:-  
24d 285, 396, 453, 495 540  38[d] 
calc 388, 389, 391, 397, 407,408  0.50  
24e 287, 331, 400(s), 454 511  60[c] 
calc. 308, 312, 329, 445  0.90  
24f 290, 338, 485 545  43[d] 
calc. 314, 320, 325, 353, 467  0.79  
24g 338, 456, 488 550  37[d] 
calc. 333, 335, 339, 369, 487  0.87  
24h 292, 332, 393(s), 445 519  68[c] 
calc 299, 307, 309, 320, 433  0.72  
24i 278, 329, 380, 415, 527 566  48[d] 
calc. -:-  -:-  
[a] λmax for excitation in CH2Cl2,  (π−π* transition in bold); [b] λmax for emission in CH2Cl2; 
[c] fluorescence quantum yield, relative to quinine sulfate (0.1mM H2SO4 solution) ±10%, 
excitation at 365 nm; [d] fluorescence quantum yield, relative to rhodamine 101 (0.1 mM 
EtOH solution) ±10%; excitation at the respective excitation maximum (460-527 nm). 
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The quantum yields of the coupling products 24a,c,d (φPL = 36-38%) are high compared to 
Réau’s phosphole-systems52, but relatively low when compared with the halogenated derivatives 
21 and 22, or other known dithienophospholes described in chapter 2.1-2.3. Interestingly, 
comparable dithienopyrroles show an increase of the quantum efficiencies when their π-system 
is extended,80 whereas here a decrease is observed likely due to the higher degrees of freedom in 
the cross-coupled compounds. 
 
Heteroarene functionalized materials containing substituents with electron-donating and 
electron-withdrawing effects were introduced in the system since it is established that these 
moieties can adjust the HOMO and LUMO levels of materials selectively.81 
 
Electron poor 2-picolyl groups and electron-rich thienyl groups were introduced to afford 24e 
and 24f. The 31P NMR resonance showed only a slight upfield shift (24e: δ = 17.0 ppm, 24f: δ = 
16.9 ppm) compared to the homoarene substituted derivatives 24a-c (17.2-17.5 ppm). The 
electron-rich thiophene moiety in 24f induces a much stronger effect on the optoelectronic 
properties than the picolyl group in 24e. The thienyl substituted derivative 24f exhibits a large 
red shift (24f: λabs= 467 nm, λem= 545 nm) and a yellow/orange emission, whereas the 
optoelectronic data of the picolyl substituted derivative 24e was found to be blue shifted (24e: 
λabs= 454 nm, λem= 511 nm) compared to the biphenyl derivative 24b.  
 
The influence of differently functionalized phenyl substituents on the dithienophosphole 
backbone was investigated through the syntheses of derivatives 24h and 24i bearing fluoride and 
NR2 groups respectively. The 31P NMR of the 4-fluorophenyl functionalized dithienophosphole 
24h shows a singlet at 17.4 ppm similar to the bis-phenyl dithienophosphole 24a. Compound 
24h exhibits a similar emission, but a larger Stoke-shift, whereas the quantum yield of 24i (48%) 
is significantly higher than the quantum yield of the parent system. Crystals of 24i from different 
solvents could be obtained but were to small to be analyzed by X-ray diffraction. 
 
Aryl-amino groups are known to be planar substituents and hole-transport materials.82 When 
NPh2 substituted phenyl groups were coupled to the backbone (24i), the conjugated system 
expands over the nitrogen and further red-shifts the emission maximum. The 31P NMR shift of 
17.5 ppm is in the range of the other coupling products. The derivative 24i shows the strongest 
red shift with a bright orange emission and due to its rigidity a relatively high quantum yield (φPL 
= 48%) compared to the other cross-coupled compounds 24a-h. 
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In order to decrease the band gap even further, the electron donating EDOT was functionalized 
with pinacol-boryl moieties and coupled via Suzuki protocol with the dibrominated 
dithienophosphole 22. The resulting material 24g shows optoelectronic properties similar to the 
thiophene-substituted derivative (λabs= 456 nm,  λem= 550 nm). The product polymerized shortly 
after workup due to the activated 5’-position of the EDOT and could not be fully characterized. 
The 31P NMR resonance at 17.2 ppm indicates that the desired product was formed, but after 
polymerization it was no longer soluble in most common solvents. It is also known that EDOT 
decomposes when irradiated with UV-light, which might explain the relatively low quantum 
yield (φPL = 37%) of 24g. 
 
The similar 31P NMR resonances of all cross-coupled compounds 24a-i investigated in this thesis 
indicate that the phosphorus center is not very sensitive towards the extension of the π-
conjugated system. But it was shown that the extension of the π-conjugated system is a powerful 
tool to decrease the optical band-gap in our system. Thus the maxima are red shifted and bright 
and intense fluorescence emission from blue to orange is observed. 
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2.3.3 Solid-State Structure and Packing of 24e and 24f 
Crystals of 24e and 24f suitable for X-ray crystallography were obtained from concentrated 
acetone or acetonitrile solutions, respectively. Both compounds crystallize in the space group P/1.  
 
Figure 20. Molecular structure of 24e in the solid state (50% probability level). Hydrogen atoms are omitted for 
clarity. Selected bond lengths [Å]: P1-C123: 1.790(6), P1-C109: 1.799(6), P1-C112: 1.798(7), C106-C107: 1.461(8), 
C107-C108: 1.371(8), C108-C109: 1.396(8), C109-C110: 1.372(8), C110-C111: 1.466(8), C111-C112: 1.376(8), 
C112-C113: 1.378(8), C113-C114: 1.348(9), C114-C115: 1.443(10); P2-C221: 1.816(5), P2-C209: 1.798(6), P2-
C212: 1.819(6), C206-C207: 1.451(8), C207-C208: 1.370(8), C208-C209: 1.435(8), C209-C210: 1.390(8), C210-
C211: 1.454(8), C211-C212: 1.373(8), C212-C213: 1.397(8), C213-C214: 1.370(8), C214-C215: 1.471(8). 
The unit cell of 24e shows two independent molecules and two acetonitrile solvent molecules. 
The planarity and the equalized C-C bond lengths are in accordance with the high degree of π-
conjugation in these molecules. The twist angles of the picolyl units in the solid-state structure of 
24e are between 0.2º and 3.3º. Comparable compounds typically exhibit an anti configuration of 
the picoline, due to S-H and N-H interactions with the proton attached to the thiophene,83 
whereas for 24e a syn arrangement is found (Figure 20). 
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Figure 21. Molecular structure of 24f in the solid state. Hydrogen atoms are omitted for clarity. Selected bond 
length [Å] (50% probability level). P-C3: 1.806(2), P1-C6: 1.800(2), P1-C11: 1.804(2), C21-C1: 1.494(4), C1-C2: 
1.378(3), C2-C3: 1.408(3), C3-C4: 1.387(3), C4-C5: 1.448(3), C5-C6: 1.392(3), C6-C7: 1.408(3), C7-C8: 1.382(3), 
C8-C34: 1.455(3); P1A-C3A: 1.804(2), P1A-C6A: 1.811(3), P1A-C11A: 1.797(2), C24A-C1A: 1.460(3), C1A-
C2A: 1.371(3), C2A-C3A: 1.409(3), C3A-C4A: 1.382(3), C4A-C5A: 1.448(3), C5A-CA: 1.382(3), C6A-C7A: 
1.406(3), C7A-C8A: 1.374(3), C8A-C34A: 1.468(3). 
The structure of 24f shows two different molecules in the unit cell (Figure 21). The arrangement 
of the extended dithienophosphole backbone is almost planar. The twist angle of the thiophene 
moieties in the crystal is in the range between 6.1º and 10.7º. Both rotational isomers were found 
in the crystal. Since the thienyl unit can rotate around the connecting single bond, the thiophene 
units were found to be disordered. Again, the high degree of π-conjugation in the 
dithienophosphole moiety is displayed by similar C-C bond lengths. 
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Figure 22. Molecular packing of 24e in the solid state 
 
Interactions between neighboring molecules through π-stacking allow for intermolecular 
communications between molecules in the solid state, which is desirable in the context of 
electronic applications to get electron transport between molecules. The arrangement of 24e in 
the solid state shows π-stacking between the dithienophosphole backbones of the molecules 
(Figure 22). In the packing of 24f (Figure 23) π-stacking between the dithienophosphole 
moieties and additionally intermolecular interactions between the phenyl rings can be observed.  
 
 
Figure 23. Molecular packing of 24f in the solid state 
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Calculations on the structural properties on the investigated molecules performed by L. Nyulászi 
and T. Kárpáti‡‡ are consistant with the observations from the X-ray structures. It could be 
shown that the substitution of the dithienophosphole does not have a large effect on the structure.  
 
The HOMO and LUMO orbitals of the dithienophospholes have a significant contribution on the 
substituted positions 2,6. Therefore interactions of the aryl groups should have an influence on 
these positions and on the energy levels of the frontier orbitals depending on the molecular 
orbitals and energy levels of the aryl-groups. 
 
The calculated Kohn-Sham orbitals are mostly consistent with the observations made for the 
coupled derivatives and with the optoelectronic properties (Table 7). The computed structural 
properties correspond to the experimentally found structures of 24e and 24f. All the calculated 
molecules are planar except the anthryl moiety, which is arranged perpendicular for steric 
reasons. 
 
The decrease in the quantum yields when comparing 24a and 24h can not be explained by 
different twisting of the molecules since the calculated rotational barriers only differ slightly for 
those compounds (24a: 3.0 kcal/mol, 24h: 2.3 kcal/mol). 
 
Bird indices and NICS values differ only slightly for the cross-coupled compounds 24a-h and do 
not represent the conjugation for the entire molecule. However the distribution of the C-C bond 
lenghts are in good agreement with the band-gap. The compound with the smallest band gap 24i 
shows the most equalized C-C bonds and the most red shifted fluorescence emission (Table 7). 
 
                                                
‡‡ Budapest University of Technology and Environment 
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2.3.4 Fine-Tuning of the Cross-Coupled Products 
Since protection of the phosphorus was necessary to use Pd-catalyzed cross-coupling reactions, 
the resulting materials have lost their ability to react at the phosphorus center. In chapters 2.1-2.2 
it was shown that derivatization allows for optimization of the materials with respect to the 
optoelectronic properties in solution and in the solid state. The deprotection of the phosphorus 
(Scheme 11) is therefore necessary to again fine-tune the optoelectronic properties. 
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Scheme 11. Recovery of the trivalent phosphorus center (a: Ar = Ph, f: Ar = thienyl) 
In a first attempt to deprotect the phosphole, reactions of the thiophene-coupled product 24f were 
tested in an NMR study. It could be shown that after addition of BH3SMe2 to 24f in CDCl3, the 
31P NMR peak was shifted high field to 15.3 ppm corresponding with the formation of the 
borane-adduct 25f. Furthermore, 31P NMR spectroscopy was also used to monitor the formation 
of the phosphole 26f when triethylamine was added to the same reaction mixture (26f: δ = –22.3 
ppm). The expected blue shift of the fluorescence could be observed during the reaction when 
the mixture was irradiated with UV-light (365 nm). 
Table 8. Optoelectronic properties of compounds 24a-27a 
Compound λex [nm][a] λem [nm][b] φPL [%] 
24a 285, 299, 339, 382, 460 520 36[d] 
25a 285, 323, 376, 440 485 58[c] 
26a 291, 322, 363, 431 470 49[c] 
27a 284, 328, 432 497 64[c] 
[a] λmax for excitation in CH2Cl2 (π−π* transition in bold). [b] λmax for emission in CH2Cl2. 
[c] fluorescence quantum yield, relative to quinine sulfate (0.1mM H2SO4 solution) ±10%; 
excitation at 365 nm. [d] fluorescence quantum yield, relative to rhodamine 101 (0.1mM 
EtOH solution) ±10%; excitation at 460 nm. 
Thus the trivalent phosphorus was recovered in a two-step synthesis by reaction of the oxidized 
species with a slight excess of borane to form the borane-adduct followed by the addition of 
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triethylamine. In almost quantitative yield, the phenyl substituted compound 24a was 
transformed into the analogous phosphole 26a according to this one-pot-reaction. 31P NMR 
spectroscopy monitored the change in the electronic nature of the phosphorus center (25a: δ =    
–14.9; 26a: δ = –22.2 ppm). This is also true for the emission maxima displayed in Table 8 that 
show the characteristic blue shift. 
 
It was then possible to perform reactions at the recovered phosphole moieties and fine-tune the 
optoelectronic properties, as shown before for the parent system (discussed in chapter 2.1 and 
2.2). Since complexation with gold was found to be very useful in previous studies in order to 
yield very strongly fluorescent materials, the gold-complex 27a was synthesized in almost 
quantitative yield by the reaction of the phosphole 26a with Au(THT)Cl (Scheme 12). The 
change of the electronic properties of the phosphorus center again was monitored by 31P NMR 
spectroscopy (δ = 6.5 ppm). 
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Scheme 12. Functionalization of phosphole 26a with gold 
Single crystals suitable for X-ray analysis of 27a were obtained from a concentrated acetone 
solution (Figure 24). One molecule per unit cell was found that dimerized through Au(I)-Au(I)-
interactions 84  (distance 2.975 Å). A comparable aurophilic interaction was observed for 
compound 19 before. Phenyl groups were found in a twisted arrangement (torsion angles: 14.4 
and 31.5º) due to packing effects in the crystal. The distance between the two molecules of 3.7-
4.3 Å indicates π-interactions between the coplanar molecules. The P-Au distance is comparable 
to that found in related dithienophosphole-gold-complexes (2.228(2) Å) described in chapter 
2.2.2. 
 
Fluorescence measurements of the gold complex 27a in the solid state (λabs= 486 nm, λem= 522 
nm), showed the expected red shift compared to the photophysical properties in solution (Table 
8), due to molecular interactions. In contrast to studies reported by Réau et al.,52c a low energy 
transition at higher wavelength corresponding to the d10-d10-interactions was again not observed. 
This is in accordance with previous observations made for the gold complex 19. The absence of 
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d10-Au-Au-transitions in the solid state was also reported by Wolf and coworkers for gold-
complexes of bis(phosphino)dithiophenes85. 
 
 
 
Figure 24. Molecular structure of 27a in the solid state (40% probability level). One acetone solvent molecule and 
hydrogen atoms are omitted for clarity. Phenyl rings are displayed isotropic for clarity. Selected bond lengths [Å]: 
Au1-P1 2.228(2), Au1-Cl1: 2.303(2), Au1-Au1A: 2.9757(8), P1-C1: 1.808(7), P1-C18: 1.808(8), P1-C8: 1.812(8), 
C7-C8: 1.389(11), C7-C17: 1.420(10), C8-C9: 1.405(10), C9-C10: 1.368(12), C10-C11: 1.476(11), C17-C18: 
1.415(12), C18-C19: 1.418(10), C19-C20: 1.382(12), C20-C21: 1.477; torsion angles [º]: C20-S2-Ph: 31.5, C10-S1-
Ph: 14.4. 
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2.4 Annelated Systems 
The band-gap of optoelectronic materials strongly depends on the degree of π-conjugation, with 
planar fused ring systems showing a band-gap much more favorable for optoelectronic 
applications than distorted systems. Due to the fused ring structure of annelated materials 
emission is favored over internal conversion leading to materials with bright fluorescence. In this 
work, further ring-fused, annelated systems containing phosphole and thiophene moieties should 
be synthesized as precursors for materials that combine the advantage of a phosphole unit with 
the structural benefits of a fused ring systems.  
2.4.1 Precursors for Benzobridged Dithienophospholes§§ 
Thiophene containing fused aromatic compounds represent an interesting class of electronic 
materials. BDT (Benzo[1,2-b:4,5-b’])dithiophene (28) is one of the widely used compounds in 
organic semiconductors (Chart 11).86 The narrow HOMO-LUMO band gap and completely 
planar structure allow for herringbone arrangement in the solid state. Intermolecular chalcogen-
chalcogen contacts in the solid state provide carrier transport by intermolecular overlap. 
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Chart 11. BDT Benzo[1,2-b:4,5-b’]dithienophenes 
In this work, the desirable features of dithienophospholes and BDT moieties should be combined. 
Therefore extended, planar π-conjugated systems (Chart 12) should be prepared. 
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Chart 12. Benzobridged target molecules 
 
 
                                                
§§ M. P. Boone is acknowledged for synthetic work. 
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2.4.1.1 Syntheses 
The synthesis of BDT reported by Kossemehl et al.87 and Katz et al.88 is based on thiophene 
derivatives as precursors. Other synthetic routes start from the functionalized benzene core with 
TMS-acetylene via palladium catalyzed Sonogashira coupling,89 followed by intramolecular 
cyclization of 31a (Scheme 13).90 
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Scheme 13. Synthesis of the BDT precursor  
Following modified literature procedures for the anti-derivative 31b,89,90 the syn-derivative 31a 
was obtained by iodination of dibromo-benzene followed by Pd-catalyzed Sonogashira coupling 
of TMS-acetylene with 30a (Scheme 13). Attempted bromination of 32a with two equivalents of 
NBS in analogy to the oligothiophene synthesis20 gave only a mixture of brominated products, 
but desilylation with TBAF86b gave 28a selectively. This compound was functionalized with two 
equivalents tributyltinchloride after lithiation to give 33. The difunctionalization with tributyltin-
groups allowed for Stille coupling of 33 with halogenated arenes. Two equivalents 2-
bromothiophene were reacted with 33 to yield the coupling product 34 (Scheme 14). 
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Scheme 14. Synthesis and Stille coupling of 33 
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Unfortunately 34 was not soluble in common solvents and could only be analyzed by mass 
spectrometry. Attempts to prepare a dithienophosphole starting from 34 have not been successful 
so far. The benzobridged dithienophosphole 29a could not be synthesized in analogy to the 
parent dithienophospholes. Functionalized thiophenes with higher solubility may be obtained via 
Stille coupling. Experiments to synthesize the anti-derivative 28b as a precursor for 29b were 
also not successful.  
2.4.1.2 Outlook 
Coupling 33 with a suitably aryl-functionalized and halogenated thiophene (Scheme 15) should 
give access to a soluble product that allows for bromination. The phosphole-ring may be built up 
by lithiation followed by reaction with dichlorophosphanes to yield the target molecule 29a. 
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Scheme 15. Alternative route to 29a 
Another strategy (Scheme 16) could involve the coupling of an acetylene functionalized 
thiophene instead of TMSA with the dibromo diiodobenzene via Sonogashira coupling and 
yielding the functionalized derivative of 34 after only one ring closing reaction step.  
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Scheme 16. Alternative route to 34  
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2.4.2 Annelated Oligo(thienophospholes) 
Οligothiophenes are widely used in OLEDs91, OTFTs92 and other applications.93 Extended π-
conjugated annelated systems that contain only phosphole and thiophene units may be 
synthesized in analogy to the parent dithienophospholes discussed in the chapters before. 
Different functionalization of the phosphole moieties should give access to materials with 
interesting optoelectronic properties.  
2.4.2.1 Trithiophene Derivatives 
Trithiophene based oligomers with two phosphole moeties (Chart 13) are expected to give high 
quantum yields and interesting packing effects. Remarkable target molecules are compounds that 
concern differently functionalized phosphorus centers. 
S S S
RR
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Ph
P
Ph
35 a-c  
Chart 13. Target molecule (a: R = TMS, b: R = TBDMS, c: R = H) 
In a first attempt, terthiophene (36) was used as starting material to build up the 
oligo(thienophospholes) 35a-c in analogy to the parent dithienophospholes. Kumada coupling of 
bromothiophene with dibromothiophene gave 36 in fairly high yields (80%).94 Reaction of 36 
with 6 equivalents of bromine gave 37, which was characterized by mass spectrometry and 1H 
NMR spectroscopy.  
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Scheme 17.  Precursors for Oligo(thienophospholes); (a: R = TMS, b: R = TBDMS, c: R = H) 
However the solubility of 37 was too low to react successfully in the accustomed manner. 
Attempts to functionalize the α-thiophene positions with different substituents R (H, TMS and 
TBDMS) to yield 38a-c in acceptable yields and purity to continue with the phosphole synthesis 
were not successful. 
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Scheme 18. Route to precursor 40 
In another attempt, functionalization and protection of the α-positions 
of 36 with methyl groups was performed to yield 39. Subsequent 
bromination with NBS afforded 40. After lithiation of 40 and addition 
of phenylphosphane, a singlet at   –16.8 ppm was observed in the 31P 
NMR spectrum. Leaving the compound under oxidative conditions 
resulted in a resonance at 25.3 ppm was observed in the 31P NMR spectrum. These preliminary 
results are indicative of formation of a phosphole 41 (Chart 14). Further optimization of the 
reaction is required since the product was not clean enough to be fully characterized. 
2.4.2.2 Cyclotetrathiophene 
Octathio[8]circulene, the first fully heterocyclic circulene, was synthesized recently by 
Nenajdenko et al. (Scheme 19) and shows a highly symmetric planar structure. 
Cyclotetrathiophene (42) was used as precursor; introduction of sulfur was achieved via the 
lithium salt. After acidification of the polythiolate with HCl, a polythiole was yielded and 
Octathio[8]circulene is formed after elimination of sulfur and H2S through vacuum pyrolysis.95 
The extremely close packing of this molecule in the solid state suggests strong intermolecular 
interactions that are favorable for the use in electronics but also lead to insolubility in most 
common solvents, which complicated the preparation of thin films. 
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Scheme 19.  Octathio[8] circulene by Nenjadenko et al.  
The approach of this work was the synthesis of mixed phosphorus-thiophene circulenes (Chart 
15) to yield annelated cyclic dithienophosphole derivatives with interesting packing properties in 
Chart 14. 
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the solid state. Functional groups at the phosphorus center should result in higher solubility of 
these molecules that allow for facile processing of these materials. 
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Chart 15. Target molecules 
Cyclotetrathiophene (42) was used as a starting material in analogy to the synthetic route 
reported by Nenajdenko et al.95 Compound 42 was prepared following literature procedures,96 
via Ni(0)catalyzed coupling of 3,4-dibromothiophene. Work-up was optimized and precursor 42 
was obtained as colorless crystalline material in good yields (70%). 
 
After lithiation, 42 was allowed to react with a variety of phosphanes RPCl2 (R = Ph, t-Bu, C6H4-
OCF3) to yield the cyclic dithienophospholes 43a-c (Chart 15). These reactions gave beige solids 
that could not be analyzed due to their insolubility (Scheme 20).  
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Scheme 20. Attempt synthesis of mixed phosphorus-thiophene circulenes (43a: R = Ph, 43b: t-Bu, 43c: C6H4-OCF3) 
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2.4.3 Benzannelated Pentacene Analogues*** 
Pentacene is one of the first organic materials successfully used in OTFTs and shows high field 
effect mobility and properties comparable to classic transistors based on amorphous silicon as 
active material,1 or pentacene matrix displays.97 As a consequence of the low solubility and poor 
stability of pentacene in solution, a large number of investigations to circumvent these problems 
have been performed.98 
 
Heteroacenes containing annelated thiophene moieties like pentathienoacenes (PTA), 99 
tetraceno[2,3-b]thiophene (TCT)100 or anthradithiophene (ADT)59b were found to exhibit higher 
stability than the parent pentacene presenting good FET performances (Chart 16). However, 
most of these materials require tedious syntheses and purification processes. Recently 
dibenzo[d,d’]thieno[3,2-b;4,5-b’]dithiophene (DBTDT) has been investigated as a new material 
for optical electronics and showed not only promising semiconducting features, but also high 
thermal and photostability.101 
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Chart 16. Thiophene based heteroacenes 
 
In this work pentacene-like dithienophospholes containing five-membered-ring benzannelated 
systems were synthesized. Various modifications at the phosphorus center have been performed 
to tailor the optoelectronic properties and optimize the packing properties of this new class of 
materials. 
                                                
*** M. Eggenstein is acknowledged for synthetic work 
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2.4.3.1 Phosphole Synthesis  
Following a modified procedure reported by Neidlein et al.,102 oxidative coupling of lithiated 
2,3-dibromobenzo[b]thiophene with copper(II) chloride gave access to 3,3-dibromo-2,2’-
di(benzo[b]thiophene) (44). Via the generally applied methode towards dithienophospholes 
(chapter 2.1) the benzannelated phosphole 45 was obtained (Scheme 21). 
 
Variation of the dithieno backbone did not result in a great impact on the 31P NMR shifts, thus a 
singlet at –25.1 ppm comparable to the signal for the parent dithienophosphole compound 2c is 
obtained. This pentacene-analogue rigid annelated ring system incorporates a high degree of π-
conjugation and shows a bright blue fluorescence at 440 nm in solution indicating a narrowed 
band-gap compared with the parent dithienophosphole 2c. The relative quantum yield is 
reasonably high (63%). Remarkably, phosphole 45 shows extensive fluorescence not only in 
solution but also in the solid state (λex = 450 nm, λem = 512 nm), where a green-yellow colored 
emission can be observed. Absorption and emission maxima are shifted to lower energies due to 
interactions of the molecules in the solid state and packing effects.  
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Scheme 21. Synthesis of the benzannelated phosphole 45 
2.4.3.2 Benzannelated Derivatives 
As shown before (chapter 2.1 and 2.2), the trivalent phosphole moiety gives access to various 
derivatives, allowing for the fine-tuning of the optoelectronic and electrochemical properties 
(Scheme 22). The experimental optoelectronic data of the benzannelated derivatives 45-51 and 
the computed values††† are summarized in Table 9. Progress of most reactions can be monitored 
via the change of the fluorescence emission, when the reaction mixture is irradiated with UV-
light (365 nm). The change of the electronic nature of the phosphorus center can also be 
monitored by 31P NMR spectroscopy that shows resonances typically lowfield shifted for 
electron-poor species. 
                                                
††† calculations were performed by L. Nyulázi and T. Kárpáti, Department of Inorganic and Analytical Chemistry, 
Budapest Univerity of Technology and Economics 
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Scheme 22. Derivatives 46-51 of the benzannelated phosphole 45 
 
Table 9. Optoelectronic properties of compound 45-51 
Compound λex [nm][a] λem [nm][b] φPL [%] λex [nm][e] λem [nm][e] 
45 385 440 63 [c] 290, 420, 450 512 
calcd. 315, 325, 375     
46 347, 424 483 68 [c] 419, 452 509 
calcd. 321, 325, 406     
47 370, 435 473 72 [c] 456 498 
calcd. 324, 374, 422     
48 275, 362, 426 520 31[d] 495 554 
calcd. 363, 365, 444     
49 433 518 27 [c] 506 555 
50 407 461 51 [c] 421, 444 491 
51 338, 398 471 63 [c] 356, 436 502 
[a] λmax for excitation in CH2Cl2; [b] λmax for emission in CH2Cl2; [c] fluorescence quantum 
yield, relative to quinine sulfate (0.1M H2SO4 solution) ±10%, excitation at 365 nm; [d] 
fluorescence quantum yield, relative to rhodamine 101 (0.1mM EtOH solution) ±10%; 
excitation at the respective excitation maximum (460-527 nm); [e] excitation and emission 
in the solid state. 
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Oxidation of the phosphorus center in 45 with hydrogen peroxide or sulfur gave access to 
derivatives 46 and 47 in quantitative yields. The phosphorus(V) 31P NMR resonances are 
typically lowfield shifted (46: δ = 16.6 ppm; 47: δ = 23.1 ppm) relative to the phosphole 45. The 
optoelectronic properties of both compounds 46 and 47 are very similar but in the solid state the 
relative intensity of 47 is significantly weaker in analogy to the quenched fluorescence of the 
thio-derivative 4a. However the relative quantum yield of compound 47 measured in solution is 
the highest of all benzannelated derivatives 45-51 (φPL = 72%). 
 
The borane-adduct 50 was formed by addition of BH3 (in situ generated) from Me2SBH3 to the 
phosphole 45. The 31P NMR resonance at 16.9 ppm indicates that the electronic nature of the 
phosphorus atom is very similar to the oxidized species 46 (46: δ = 16.6 ppm). The emission and 
absorption maxima (λex = 407 nm, λem = 461 nm) were found between the maxima observed for 
the phosphole 45 and the oxidized species 46 in accordance to the observations made for the 
parent dithienophospholes 2a-c and their oxidized derivatives 3a-c. The broad 11B NMR signal 
at –39.3 ppm indicates the formation of 50 in analogy to the resonances observed for the boron-
compounds 5a and 5c (11B NMR δ = 40±1 ppm). 
 
Addition of Au(THT)Cl to phosphole 45 in dichloromethane at room temperature resulted in the 
formation of the gold-complex 51. The gold complex 51 was obtained in 56% in contrast to the 
nearly quantitative formation of the complexes 14a-c obtained from the original 
dithienophosphole system 2a-c. Again, the lowfield shift of the 31P NMR resonance monitored is 
in accordance with an increased electron acceptor character (δ = 2.4 ppm) and is comparable to 
the resonances of the native gold-complexes (14a-c) discussed before. Even in the solid state the 
relative intensity of the fluorescence is very high. Low energy transitions that indicate aurophilic 
interaction could not be observed in the fluorescence spectra of this compound either. 
 
Modification of the phosphorus center through methylation using methyl triflate or methyl iodide 
generates the corresponding cationic phospholium compounds 48 and 49. The 31P NMR of 48 
shows a singlet resonance at δ = 13.3 ppm that is significantly shifted from that of the starting 
material 45 (δ = –25.1 ppm) and characteristic for dithieno-phospholium-compounds.52c,64 The 
same is true for compound 49 that shows a comparable singlet resonance at in the 31P NMR 
spectrum (δ  = 13.2 ppm). Reaction of 45 with methylating agents was found to be slower when 
methyl iodide was used instead of methyl triflate. Both derivatives 48 and 49 exhibit yellow 
fluorescence in solution that is shifted to orange in the solid state due to molecular interactions. 
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Chart 17. Phospholium salts 
The emission maxima of 48 and 49 are shifted to higher wavelengths (Table 10) with respect to 
the phospholium salt 6 prepared by Durben64  and the derivative 52 investigated by Réau52c 
(Chart 17). The Stokes shifts of 48 and 49 are in the same range as those for the parent 
phospholium salt 6, but smaller than in Reau’s compound 52, as a result of the rigid structure. 
Surprisingly the benzannelation does not have a significant influence on the Stokes shifts of 
compounds 48 and 49.  
 
Generally the benzannelated derivatives 46, 47 and 51 exhibit higher relative quantum yields 
(φPL = 51-72%) than Réau’s 2,5-dithienyl-phospholes. 52c However, 48 and 49 show the lowest 
quantum yield in this series (Table 10). 
Table 10. Optoelectronic properties of dithieno-phospholium salts 
Compound λex [nm][a] λem [nm][b] φPL [%] 
    664 276, 376 467 53[c] 
    5252c 442 593 0.8[e] 
48 275, 362, 426 520 31[d] 
49 433 518 27 [c] 
[a] λmax for excitation in CH2Cl2; [b] λmax for emission in 
CH2Cl2; [c] fluorescence quantum yield, relative to quinine 
sulfate (0.1M H2SO4 solution) ±10%, excitation at 365 nm; 
[d] fluorescence quantum yield, relative to rhodamine 101 
(0.1mM EtOH solution) ±10%; excitation at the respective 
excitation maximum (460-527 nm); [e] relative to 
fluoresceine ±15%. 
Notably, all benzannelated derivatives 45-51 show fluorescence in the solid state. (Table 9). A 
slight shift of the fluorescence maxima to longer wavelengths is observed and can be ascribed to 
intermolecular interactions in the solid. 
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2.4.3.3 Solid-State Structures  
Most strategies to alter the features of pentacenes and their derivatives are based on changing the 
solid state order from an edge-to-face (herringbone) arrangement to a face-to-face arrangement 
that allows for π-stacking. Recent studies have explored the effect of the solid-state order on the 
electronic properties of films and crystals.13 As a result, new and improved pentacene-based 
materials have been developed for field-effect transistors103 and light emitting diodes.104 Since 
packing properties and molecular interactions have a high impact on optoelectronic features, the 
solid-state structure of the pentacene analogues 46, 47 and 48 were investigated. 
 
Figure 25. Molecular structure of 46 in the solid state (50% probability level); hydrogen atoms are omitted for 
clarity. Selected bond lengths [Å] and angles [º]: P1-O1: 1.4876(14), P1-C7: 1.793(2), P1-C10: 1.804(2), S1-C8: 
1.729(2), S1-C5 1.746(2), S2-C9 1.736(2), S2-C12 1.745(2), C1-C2 1.381(3), C2-C3 1.411(3), C1-C6 1.407(3), C3-
C4: 1.383(3), C4-C5: 1.393(3), C5-C6: 1.416(3), C6-C7: 1.429(3), C7-C8: 1.381(3), C8-C9: 1.475(3), C9-C10: 
1.375(3), C10-C11: 1.429(3), C11-C12: 1.411(3), C12-C13: 1.404(3), C13-C14: 1.380(3), C14-C15: 1.409(3), C15-
C16: 1.379(3), C11-C16: 1.409(3); O1-P1-C7: 118.47(9), O1-P1-C21: 110.97(8), C7-P1-C21: 108.93(9), O1-P1-
C10: 116.98(9), C7-P1-C10: 91.70(9), C21-P1-C10: 108.07(9). 
Carrier transport in organic solids is governed by intermolecular overlap, which can be enhanced 
by chalcogen-chalcogen contacts.105 Such intermolecular interactions between oxygen and sulfur 
atoms are found (distance 2.78 and 2.80 Å) in the solid-state arrangement of 46 (Figure 26). 
Furthermore the packing of 46 (Figure 27) in the solid state shows herringbone arrangement of 
the molecules. 
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Figure 26. Chalcogen-chalcogen interactions in the solid sate arrangement of 46 
 
 
 
Figure 27. Herringbone arrangement of 46 
Derivative 47 contains two independent molecules in the unit cell. Intermolecular chalcogen-
chalcogen interactions are not observed in the solid-state arrangement of 47. However, the 
coplanar arrangement of the dithienophosphole backbone in sulfur derivative 47 exhibits π-
stacking (plane distance 3.6 Å) between neighboring molecules (Figure 29). 
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Figure 28. Molecular structure of 47 in the solid state (50% probability level); hydrogen atoms are omitted for 
clarity; selected bond length [Å] and angles [º]: P1-S1: 1.9427(11), P1-C10: 1.809(3), P1-C7: 1.811(3), P1-C21: 
1.824(3), S2-C8: 1.728(3), S2-C5: 1.759(3), S3-C9: 1.731(3), S3-C12: 1.749(3), C1-C2: 1.376(4), C1-C6: 1.406(4), 
C2-C3: 1.407(4), C3-C4: 1.384(4), C4-C5: 1.387(4), C5-C6: 1.420(4), C6-C7: 1.431(4), C7-C8: 1.376(4), C8-C9: 
1.454(4), C9-C10: 1.366(4), C10-C11: 1.433(4), C11-C12: 1.423(4), C12-C13: 1.402(4), C13-C14: 1.383(5), C14-
C15: 1.412(5), C15-C16: 1.374(4),), C11-C16: 1.409(4); C10-P1-C7: 91.28(14), C10-P1-C21: 107.03(13), C7-P1-
C21: 107.70(13), C10-P1-S1: 117.08(10), C7-P1-S1: 116.55(10), C21-P1-S1: 114.56(10), C(8)-S(2)-C(5): 
90.42(14), C(9)-S(3)-C(12): 90.13(15).  
 
 
 
Figure 29. Packing of 47 in the solid state 
The P-C bonds in 48 (Figure 30) are significantly shortened as a result of the cationic nature of 
the phospholium center. The P-Me (1.773 Å) bond is also shorter than that of other structurally 
characterized phospholium salts (1.775(3)-1.787(5) Å). 106  The bond lengths in the 
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dithienophosphole unit are comparable to those found in the native phospholium salt 6.64 It is 
noteworthy that the ion pairs in 48 and 6 are well separated in the solid state. 
 
Figure 30. Molecular structure of 48 in the solid state; hydrogen atoms are omitted for clarity (propability level 
50%); selected bond length [Å]: P1-C7: 1.777, P1-C1: 1.773, P1-C10: 1.773, P1-C21: 1.783, P1-C28: 1.763(1), S2-
C9: 1.715(1), S2-C12: 1.745(1), S1-C8: 1.712(1), S1-C5: 1.753(1), C9-C8: 1.456, C9-C10: 1.369, C16-C11: 1.399, 
C11-C10: 1.422, C11-C12: 1.410, C6-C1: 1.395, C6-C7: 1.422, C6-C5: 1.412, C1-C2: 1.367 C7-C8: 1.370, C4-C5: 
1.387, C4-C3: 1.381, C12-C13: 1.384, C13-C14: 1.376, C2-C3: 1.396. 
The arrangement of 48 in the solid state (Figure 31) shows only week interaction benzannelated 
dithieno-scaffold of neighbored molecules. However between the annelated benzene parts 
distances of 3.6 Å indicating π-stacking interactions can be found. 
 
Figure 31. Packing of 48 in the solid state 
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2.4.3.4 Outlook 
DSC measurements of derivatives 46 and 47 showed that both compounds decompose at 
relatively high temperatures (46: 454.7 ºC, 47: 430.7 ºC). Sublimation occurs at 252.3 ºC for 46 
and at 232.3 ºC for 47 allowing for vacuum deposition processes of the materials. When a crystal 
of 47 was contacted with Au-electrodes in a preliminary study, the material showed conducting 
properties in the range of 10–6 S/m, which is in the magnitude of amorphous silicon. First results 
of CV measurements indicate that 46 behaves as a n-type semiconductor. The compound shows 
a reversible reduction wave (Ered = –1.8 V). 
 
Theoretical studies on the HOMO-LUMO energies of 45 and 48 indicate that both materials are 
good electron acceptors, which is not surprising in case of the phospholium salt 48. However, the 
parent phosphole derivative 45 also appears to be a good electron acceptor, due to the stability of 
the formed radical anion. The calculated HOMO-LUMO gap is significantly smaller in the 
methylated compounds (45: 3.28 eV, 48: 4.06 eV), which is in accordance with the measured 
fluorescence spectra (Table 9) that show bathochromic shifts for the methylated compounds. 
 
The benzannelated dithienophospholes 45-51 appear to be promising materials for 
optoelectronics, although first attempts on the preparation of OTFT devices by the Sokolowski 
group have not been successful so far. Further investigations by other cooperation partners on 
this feature are currently ongoing. 
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2.5 Summary 
In this thesis, versatile options to modify the outstanding optoelectronic properties of 
dithienophospholes were investigated. It was shown that the properties of the novel organic π-
conjugated materials can be influenced via facile chemical modifications at the phosphorus 
center, the dithieno-backbone and the exocyclic substituent at the phosphorus center.  
 
The HOMO-LUMO band gap can be modified in order to yield materials with reduced and well-
defined band gaps and as a result, different color emissions. Small changes of the functional 
groups were found to have a strong influence not only on the optoelectronic properties, but also 
on the packing (structural) properties and intermolecular interactions. The dithienophosphole 
core provided materials with intriguing properties for application in organic electronic devices 
with exceptionally high quantum yields. 
 
A series of dithieno[3,2-b:2,3-d]phosphole-based transition metal complexes (7-14), including 
Au, Fe, Pt, Rh and W as central metals was synthesized in high yields via facile chemical 
procedures. Structural investigations on the Au- and W-complexes by X-ray crystallography 
support the high degree of π-conjugation in the dithienophosphole ligands. The influence of 
different complex geometries, functionalizations of the dithienophosphole core and different 
transitions metals was systematically studied. The Au complexes investigated exhibit strong 
photoluminescence properties with very intriguing features in terms of excitation/emission 
wavelengths and intensity. It was shown that the transition metal fragments increase the electron 
acceptor character of the phosphorus centre, thus lowering the energy of the π*-LUMO of the 
dithienophosphole unit significantly. As a result the band gaps of these materials are smaller 
compared to the free ligands. 
 
In order to further reduce the band gap, a series of C6F5-substituted dithienophospholes was 
synthesized (16-19). Due to the electron withdrawing character of the F-atoms the LUMO was 
found to be significantly lower and the optoelectronic properties red-shifted. Compared to the 
non-perfluorinated species that show blue emission these derivatives show green-yellow 
fluorescence emission. Considering the results from chapter 2.1.2 the Au-complex was 
synthesized to optimize the properties of these materials. X-ray diffraction allowed for the 
systematical study of the structural features and confirmed the high degree of π-conjugation in 
these materials. 
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The π-conjugated system was furthermore extended in order to yield a smaller band-gap. After 
2,6-functionalization of dithieno[3,2-b:2’,3’-d]phospholes with halides it was possible to test 
several cross-coupling strategies. The clean formation of the 2,6-dibromo-functionalized 
dithienophosphole allowed for the preparation of several cross-coupled derivatives. The variation 
of the electron donor/acceptor character and π-conjugation of the substituents was studied. All 
these derivatives with extended π-conjugation 24a-i show red-shifted optoelectronic properties 
with different emission colors ranging form green via yellow to orange. It was shown that after 
‘regeneration’ of the trivalent phosphorus in the cross-coupled derivatives further fine-tuning and 
optimization of the materials is possible based on the results discussed in previous chapters.  
 
An extended π-conjugation via annelation of arenes gave not only materials with a reduced band 
gap, but also improved packing properties, due to the fused rigid structure of these materials. 
Precursors for several oligo-dithienophospholes were synthesized. With the advantageous 
properties of pentacene in mind analogous dithienophospholes and derivatives 44-51 were 
prepared. These novel benzannelated dithienophosphole materials show interesting 
optoelectronic properties and strong fluorescence in the solid state. Their rigid structures allow 
for interesting packing properties, which were investigated via X-ray crystallography. 
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3 Experimental 
3.1 General Procedures 
Reactions were carried out in dry glassware and under inert atmosphere of purified argon using 
Schlenk techniques. Solvents were dried and then distilled. Thiophene, 2-isopropoxy-4,4’,5,5’-
tetramethyl-dioxoborolane, Bu3SnCl, TMS, Et3N, PhPCl2 were freshly distilled prior to use. 
3,3’,5,5’-tetrabromo-bithiophene28d, Au(THT)Cl107 were prepared by literature methods. Neutral 
alumina (type Brockman I) was used to purify the products. n-BuLi (2.5 M in hexane), H2O2 
(30% in H2O), BH3·SMe2 (1 M in CH2Cl2) and all other chemicals were used as received. 
 
Quantum yields were determined relative to a 10–4 M quinine sulfate in 0.1 M H2SO4 or relative 
to a 10–4 M rhodamin 101 solution in ethanol.108 
 
1H-NMR, 13C-NMR, 31P-NMR, 19F-NMR and 11B-NMR spectra were recorded on a Bruker 
DRX 400, Varian Mercury 200, 300 or Unity 500 MHz-spectrometer. Chemical shifts were 
referenced to external 85% H3PO4 (31P), BF3·Et2O (11B), CFCl3 (19F) or TMS (13C, 1H). 
Elemental analyses were performed by the Microanalytical Laboratory of the Institut für 
Anorganische und Analytische Chemie, Johannes Gutenberg-Universität, Mainz and the Institut 
für Organische Chemie, RWTH-Aachen University.  
 
The crystallographic data were collected by Prof. Dr. Ulli Englert and coworkers (RWTH 
Aachen). Details of the data collection for compounds 15-19 and 46-48 are provided in the 
appendix. Supplementary crystallographic data for 10a, 11c, 14b, 21, 22, 24e,f and 27 can be 
obtained free of charge via Cambridge Crystallographic Data Center, 12 Union Road, 
CambridgeCB2 1EZ, UK (Fax: (+44)1223 336 033; e-mail: deposit@ccdc.cam.ac.uk). 
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3.2 Dithienophospholes and Derivatives 
1a-c: n-BuLi (8 mL, 20 mmol) was added drop wise to a solution of 3,3’,5,5’-tetrabromo-
bithiophene (4.82 g, 10 mmol) in THF (100 mL) at –78°C. The solution was 
stirred for 15 min at this temperature. The corresponding chlorosilane or water 
(a: Me3SiCl (2.17 g, 20 mmol); b: t-BuMe2SiCl (3.01 g, 20 mmol); c: H2O (3.6 
g, 20 mmol)) was added to the reaction mixture at that temperature. The reaction mixture was 
allowed to warm up slowly to room temperature and the solvent was removed under vacuum. 
The residue was taken up in n-pentane (60 mL) and filtered through neutral alumina. 
Evaporation of the solvent under vacuum provided compounds 1a-c as beige solids (1a: 8.1 g, 
96%; 1b: 9.5 g, 95%; 1c: 5.3 g, 98% yield). 
1a: 1H NMR (500 MHz, CDCl3): δ = 7.15 (s, 2H; thiophene), 0.32 ppm (s, 18H; Si(CH3)3).  
1b: 1H NMR (500 MHz, CDCl3): δ = 7.15 (s, 2H; Ar-H), 0.95 (s, 18H; Si-tBu), 0.31 (s, 12H; 
Si(CH3)3); 13C{1H} NMR (125 MHz, CDCl3): δ = 140.7 (s; Ar-Ar), 137.0 (s; Ar-H), 134.2 (s; 
Ar-Si), 112.8 (s; Ar-Br), 26.3 (s; SiC-(CH3)3), 16.0 (s; SiC(CH3)3),  5.2 ppm (s; Si(CH3)2). 
1c: 1H NMR (500 MHz, CDCl3) δ  = 7.42 (d, 2H, 3J(H,H) = 5.4 Hz; 4,4’-thiophene), 7.06 ppm 
(d, 3J(H,H) = 5.4 Hz; 5,5’-thiophene). 
Phosphole Syntheses 
2a-c: n-BuLi (4 mL, 10 mmol) was added dropwise to a solution of the respective precursor 1a-c 
(a : R = TMS, 2.34 g, 5 mmol; b: R = t-BuMe2Si, 2.51 g, 5 mmol; c: R = H, 
1.36 g, 5 mmol) in diethyl ether (100 mL) and TMEDA (2.49 g, 15 mmol) at –
78°C. The solution was stirred for 1 h before the temperature was raised to 
approximately –20°C. PhPCl2 (0.90 g, 5 mmol) was added slowly to the reaction mixture, which 
was than allowed to warm quickly to room temperature. The solvent was removed under vacuum, 
and the residue taken up in n-pentane (50 mL) and filtered through neutral alumina to remove 
LiCl and some brown impurities. The filtrate was evaporated to dryness and the 
dithienophospholes 2a-c were obtained as light yellow solids (2a: 3.12 g, 75%; 2b: 3.5 g, 72%; 
2c: 1.9 g, 70% yield). 
 
 
 
S
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2a: 31P{1H} NMR (81 MHz, CDCl3): –27.4 (s) ppm; 1H NMR (400 MHz, CDCl3): δ = 7.34 (br, 
2H; o-Ph), 7.26 (br, 2H; m-Ph), 7.25 (br, 1H; p-Ph), 7.20 (s, 2H; Ar-H), 0.30 ppm (s, 18H; 
Si(CH3)3); 13C{1H} NMR (100.6 MHz, CDCl3): δ = 148.6 (d, 2J(C,P) = 9.6 Hz; Ar), 146.7 (br; 
Ar), 142.6 (d, J(C,P)=2.1 Hz; Ar), 133.9 (d, 1J(C,P) = 15.5 Hz; ipso-Ph), 133.0 (d, 2J(C,P) = 18.3 
Hz; o-Ar), 132.4 (d, 2J(C,P) = 20.3 Hz; o-Ar), 129.0 (s; p-Ph), 128.5 (d, 3J(C,P) = 7.8 Hz; m-Ph),  
0.2 ppm (s; SiC3); elemental analysis calcd. (%) for C20H25PS2Si2 (416.7 g/mol): C 57.65, H 6.05, 
S 15.39; found: C 57.68, H 5.93, S 15.40. 
2b: 31P{1H} NMR (81 MHz, CDCl3): δ = –27.4 (s) ppm; 1H NMR (500 MHz, CDCl3): δ = 7.38 
(m, 2H; o-Ph), 7.30 (m, 3H; Ph-H), 7.26 (s, 2H; Ar-H), 0.94 (s, 18H; Si-tBu), 0.32 (s, 6H; 
SiMe2), 0.31 ppm (s, 6H; SiMe2); 13C{1H} NMR (125.7 MHz, CDCl3): δ = 148.7 (d, 1J(C,P) = 
9.7 Hz; ipso-Ar), 147.0 (d, J(C,P) = 3.2 Hz; Ar), 139.8 (d, J(C,P) = 4.3 Hz; Ar), 134.3 (d, 2J(C,P) 
= 18.3 Hz; o-Ar), 134.2 (d, 1J(C,P) = 15.0 Hz; ipso-Ph), 132.5 (d, 2J(C,P) = 20.4 Hz; o-Ar), 
129.1 (s; p-Ph), 128.5 (d, 3J(C,P) = 8.6 Hz; m-Ph), 26.4 (s; SiC(CH3)3), 17.0 (s; SiC(CH3)3), 4.9 
ppm (s; SiMe2); elemental analysis calcd. (%) for C26H37PS2Si2 (500.9 g/mol): C 62.35, H 7.45, 
S 12.80; found: C 62.75, H 7.28, S 12.76. 
 
2c: n-BuLi (2.4 mL, 6 mmol) was added drop wise to a solution of 1c (970 mg, 3 mmol) in  
diethyl ether (120 mL) at –78 ºC The reaction mixture was allowed to warm up to 
room temperature slowly and stirred at this temperature for 10 min until the yellow 
solution turns orange. After cooling again to –78 ºC PhPCl2 (537 mg, 3 mmol) was 
added and the reaction mixture was warmed up quickly to room temperature. All volatile 
materials were removed from the resulting suspension. The brown residue was taken up in 
diethyl ether (50 mL) and filtered through neutral alumina. After removing the solvent in 
vacuum 2c was yielded as a light yellow solid (760 mg, 93% yield).  
31P{1H} NMR (126 MHz, CDCl3): –21.5 ppm (s); 1H NMR (200 MHz, CDCl3): δ = 7.35-7.32 (m, 
7H; thiophene, Ph), 7.16 ppm (d, 3J(H,H) 2H; thiophene); 13C{1H} NMR (100 MHz, CDCl3): δ 
= 146.6 (d, 3J(C,P) = 8.0 Hz; Ar), 141.7 (d, 4J(C,P) = 2.3 Hz; Ar), 133.5 (d,  3J(C,P) = 15.3 Hz; 
Ar), 132.2 (d, 2J(C,P) = 20.5 Hz; o-Ar), 129.1 (s; p-Ph), 128.5 (d, 3J(C,P) = 7.6 Hz; Ar), 126.4 (d, 
2J(C,P) = 19.6 Hz; o-Ar), 126.0 ppm (d, 3J(C,P ) = 6.2 Hz; m-Ar); elemental analysis calcd. (%) 
for C14H9PS2 (272.33 g/mol): C 61.75, H 3.33, S 23.55; found: C 61.77, H 3.45, S 23.38.  
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Dithienophosphole Derivatives  
3a-c: To a solution of the respective dithienophosphole 2a-c (2a: 0.42 g, 1 mmol; 2b: 0.48 g, 1 
mmol; 2c: 0.27 g, 1 mmol) in CH2Cl2 (20 mL) an excess of H2O2 was added 
and stirred 1 h at room temperature. Water (10 mL) was added; the organic 
layer was separated and dried with MgSO4. After evaporation of the solvent the 
product was yielded as yellow solid. (3a: 411 mg, 95%; 3b: 502 mg, 97%; 3c: 
275 mg, 95% yield). 
3a: 31P{1H} NMR (160 MHz, CDCl3): δ = 17.2 ppm (s); 1H NMR (400 MHz, CDCl3): δ = 7.73 
(dd, 3J(H,P) = 13.4, 3J(H,H) = 7.4 Hz, 2H; o-Ph), 7.50 (td, 3J(H,H) = 7.4, 4J(C,P) = 2.0 Hz, 1H; 
p-Ph), 7.40 (td, 3J(H,H) = 7.8, 3J(H,P) = 3.1 Hz, 2H; m-Ph), 7.16 (d, 2J(H,P) = 2.1 Hz, 2H; Ar-H), 
0.28 ppm (s, 18H; Si(CH3)3); 13C{1H} NMR (100.6 MHz, CDCl3): δ = 150.6 (d, J(C,P) =24.9 Hz; 
Ar), 145.5 (d, J(C,P) = 11.0 Hz; Ar), 140.7 (d, 1J(C,P) = 108.6 Hz; ipso-Ar), 132.1 (s; p-Ph), 
132.0 (d, 2J(C,P) = 13.0 Hz; o-Ar), 130.8 (d, 3J(C,P) = 11.4 Hz; m-Ph), 129.9 (d, 1J(C,P) = 107.5 
Hz; ipso-Ph), 128.6 (d, 2J(C,P) = 13.0 Hz; o-Ar),  0.3 ppm (s; SiCH3); elemental analysis calcd. 
(%) for C20H25OPS2Si2 (432.7 g/mol): C 55.52, H 5.82, S 14.82; found: C 55.63, H 5.82, S 15.51. 
3b: 31P{1H} NMR (80 MHz, CDCl3): δ = 14.9 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.67 (dd, 
3J(H,P) = 13.5 Hz, 3J(H,H) = 7.5 Hz, 2H; o-Ph), 7.45 (td, 3J(H,H) = 7.5, 4J(C,P) = 1.9 Hz, 1H; p-
Ph), 7.36 (td, 3J(H,H) = 7.8 Hz, 4J(H,P) = 3.3 Hz, 2H; m-Ph), 7.12 (d, 2J(H,P) = 2.2 Hz, 2H; Ar-
H), 0.83 (s, 18H; Si-tBu), 0.20 (s, 6H; SiMe2), 0.19 (s, 6H; SiMe2); 13C{1H} NMR (100 MHz, 
CDCl3): δ = 150.9 (d, 2J(C,P) = 23.7 Hz; Ar), 142.8 (d, 3J(C,P) = 10.7 Hz; Ar), 139.5 (d, 1J(C,P) 
= 108.3 Hz; ipso-Ar), 133.2 (d, 2J(C,P) = 13.7 Hz; o-Ar), 132.2 (d, 4J(C,P) = 3.8 Hz; p-Ph), 
130.9 (d, J(C,P) = 11.4 Hz; m-Ar), 130.1 (d, 1J(C,P) = 105.3 Hz; ipso-Ph), 128.7 (d, 
2J(C,P)=13.7 Hz; o-Ar), 26.3 (s; SiC-(CH3)3), 16.9 (s; SiC(CH3)3),  4.8 (s; SiMe),  4.9 (s; SiMe) 
ppm; elemental analysis calcd (%) for C26H37OPS2Si2 (516.9 g/mol): C 60.42, H 7.11, S 12.41; 
found: C 60.73, H 7.13, S 12.85. 
3c: 31P{1H} NMR (160 MHz, CDCl3): δ = 16.4 (s) ppm; 1H NMR (400 MHz, CDCl3): δ = 7.73 
(dd, 3J(H,P) = 13.4, 3J(H,H) = 7.7 Hz, 2H; o-Ph), 7.69 (td, 3J(H,H) = 7.7 Hz, 4J(C,P) = 1.6 Hz, 
2H; m-Ph), 7.57- 7.35 (m, 3H), 7.29 -7.21 (m, 2H), 7.16-7.10 ppm (m, 2H). 13C{1H} NMR (75.5 
MHz, CDCl3): δ = 132.4 (d, J(C,P) = 3.5 Hz; Ar), 130.8  (d, J(C,P) = 12.2 Hz; Ar), 128.9 (s, Ar), 
128.8 (s; Ph), 128.4 (s, Ar), 128.3 (s; Ph), 126.1 (d; Ph), 126.0 ppm (d; Ar). 
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4a: Sulfur (32 mg, 1 mmol) was added to a solution of the dithienophosphole 2a (0.42 g, 1 mmol) 
in CH2Cl2 (20 mL) and strirred 1h at room temperature. All volatile 
materials were removed in vacuum and the sulfur-derivative 4a was 
obtained as yellow powder (413 mg, 92% yield). 
31P{1H} NMR (162.0 MHz, CDCl3): δ = 23.6 ppm; 1H NMR (400 MHz, 
CDCl3): δ = 7.78 (br, 2H; o-Ph), 7.47 (br, 1H; p-Ph), 7.38 (br, 2H; m-Ph), 7.17 (d, 2J(H,P) = 2.3 
Hz, 2H; Ar-H), 0.28 (s, 18H; Si(CH3)3) ppm; 13C{1H} NMR (100.6 MHz, CDCl3): d = 148.9 (d, 
J(C,P) = 21.1 Hz; Ar), 145.9 (d, J(C,P) = 11.1 Hz; Ar), 143.2 (d, 1J(C,P) = 90.8 Hz; ipso-Ar), 
131.8 (d, 4J(C,P) = 3.2 Hz; p-Ph), 131.3 (d, 2J(C,P) = 14.1 Hz; o-Ar), 130.7 (d, 2J(C,P) = 12.4 Hz; 
o-Ar), 129.9 (d, 1J(C,P) = 84.0 Hz; ipso-Ph), 128.6 (d, 3J(C,P) = 13.4 Hz; m-Ph),  0.4 (s; SiC) 
ppm; elemental analysis calcd. (%) for C20H25PS3Si2 (448.8 g/mol): C 53.53, H 5.62, S 21.44; 
found: C 53.52, H 5.52, S 21.09. 
 
5a,c: An excess of BH3.SMe2 (2 mL, 2 mmol) was added to the dithienophosphole (2a: 0.42 g,   
1 mmol; 2c: 0.27 g, 1 mmol) in CH2Cl2 (20 mL) and stirred 5h at room 
temperature. After evaporation of the solvent the crude products 5a,c could be 
obtained as yellow powder (5a: 426 mg, 99% yield; 5c: 544 mg, 95% yield). 
5a: 31P{1H} NMR (162.0 MHz, CDCl3): δ = 12.1 ppm (br); 11B{1H} NMR 
(128.4 MHz, CDCl3 ): δ = –39.4 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.60 (dd, 3J(H,P) = 11.7 
Hz, 3J(H,H) = 7.5 Hz, 2H; o-Ph), 7.50 (br t, 3J(H,H) = 7.5 Hz, 1H; p-Ph), 7.36 (br t, 3J(H,H) = 
7.5 Hz, 2H; m-Ph), 7.17 (d, 3J(H,P) = 1.1 Hz, 2H; thiophene-H), 1.1 (br, 3H; BH3), 0.30 ppm (s, 
18H; Si(CH3)3); 13C{1H} NMR (100.6 MHz, CDCl3): δ = 149.7 (d, J(C,P) = 11.5 Hz; Ar), 145.4 
(d, J(C,P) = 8.7 Hz; Ar), 140.5 (d, 1J(C,P) = 59.6 Hz; ipso-Ar), 132.1 (d, 2J(C,P) = 14.3 Hz; o-
Ar), 131.8 (d, 2J(C,P) = 10.9 Hz; o-Ar), 131.6 (s; p-Ph), 130.1 (d, 1J(C,P) = 94.1 Hz; ipso-Ar), 
128.8 (d, 3J(C,P) = 10.6 Hz; m-Ph),  0.3 (s; SiC) ppm; analysis calcd. (%) for C20H28BPS2Si2 
(430.5 g/mol): C 55.80, H 6.56, S 14.90; found: C 55.92, H 6.57, S 14.89. 
5c: 31P{1H} NMR (162.0 MHz, CDCl3): δ = 13.03 ppm (br); 1H NMR (400 MHz, CDCl3): δ = 
7.51 (dd, 3J(H,P) = 11.6 Hz, 3, 2H; o-Ph), 7.62 (br t, 3J(H,H) = 7.6 Hz, 1H; p-Ph), 7.52-7.36 (m, 
5 H), 7.14 (dd, 3J(H,H) = 6.5 Hz,  3J(H,P) = 1.3 Hz, 2H; thiophene-H), 0.9 ppm  (br, 3H; BH3). 
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3.3 Transition-Metal Complexes 
7c: A solution of the dithienophosphole 2c (0.27 g, 1 mmol) in CH2Cl2 (20 mL) was treated with 
K2PtCl4  (0.21 g, 0.5 mmol) and stirred for 24 h at room temperature. 
Subsequently, the generated KCl was filtered off, all volatiles were removed 
under vacuum and the residue was taken up in pentane (30 mL) and filtered over 
neutral alumina. Evaporation of the solvent provided the product as light yellow 
solid (0.78 g, 96% yield). Recrystallisation from aromatic hydrocarbons or acetonitrile at room 
temperature provided yellow single crystals. 
7c: 31P{1H} NMR (80.9 MHz, CD2Cl2): δ = 7.6 (d, 1J(P,Pt) = 3506 Hz); 1H NMR (500 MHz, 
CD2Cl2): δ = 7.53 (dd br, 3J(H,P) = 12.5 Hz, 3J(H,H) = 7.8 Hz, 4H; o-Ph), 7.40 (t br, 3J(H,H) = 
7.8 Hz, 2H; p-Ph), 7.30 (m br, 3J(H,H) = 7.8 Hz, 4H; m-Ph), 7.20 (dd br, 3J(H,H) = 5.0 Hz, 
4J(H,P) = 2.6 Hz, 4H; Ar–H), 6.77 (d br, 3J(H,P) = 5.0 Hz, 4H; Ar–H); 13C{1H} NMR (125.0 
MHz, CD2Cl2): δ = 148.7 (m; ipso-Ar), 144.9 (m; Ar), 137.7 (d br, 1J(C,P) = 49.9 Hz; ipso-Ph), 
132.6 (pt, 2/4J(C,P) = 5.6 Hz, o-Ar), 131.8 (s br, p-Ph), 129.0 (pt, 3/5J(C,P) = 6.7 Hz, m-Ar), 
128.3 (pt, 3/5J(C,P) =  6.7 Hz, m-Ar), 127.8 ppm (pt, 2/4J(C,P) 6.7 Hz, o-Ar); elemental analysis 
calcd. (%) for C28H18Cl2P2PtS4·1/2 CH2Cl2 (853.10 g/mol): C 40.12, H 2.24, S 15.03; found: C 
40.29, H 2.33, S 14.92. 
 
9a,b: A solution of the respective dithienophosphole 2a,c (2a: 0.42 g, 1 mmol, 2b: 0.48 g,          
1 mmol) in THF (20 mL) was treated with [Rh(cod)Cl]2 (0.25 g, 0.5 mmol) and 
stirred for 30 min at room temperature. Subsequently, all volatiles were removed 
under vacuum. The residue was taken up in pentane (ca. 10 mL) and filtered 
over neutral alumina. The rhodium complexes 9a and 9b were obtained as orange solids from 
concentrated pentane solutions kept at –30 ºC (9a: 0.48 g, 73%; 9b: 0.57 g, 77% yield).  
9a: 31P{1H} NMR (202.6 MHz, CDCl3): δ = 11.5 ppm (d, 1J(P,Rh) = 148.3 Hz); 1H NMR (500 
MHz, CDCl3): δ = 7.77 (dd, 3J(H,P) = 11.9 Hz, 3J(H,H) = 7.6 Hz, 2H; o-Ph), 7.39 (s, 2H, Ar), 
7.34 (m, 3H; Ph), 5.56 (br, 2H; CH cod), 3.71 (br, 2H, CH cod), 2.40 (d br, J = 10.1 Hz; 2H; 
CH2 cod), 2.06 (d br, J = 13.4Hz, 2H; CH2 cod), 0.32 (s, 18H; Si(CH3)3); 13C{1H} NMR (125.0 
MHz, CDCl3): δ  = 148.0 (d, J(C,P) = 13.0 Hz; Ar), 143.6 (d, J(C,P) = 8.0 Hz; Ar), 142.8 (d, 
1J(C,P) = 44.8 Hz; ipso-Ar), 134.2 (d, 2J(C,P) = 13.0Hz; Ar), 133.5 (d, 2J(C,P) = 14.0 Hz; o-Ar), 
130.6 (d, 1J(C,P) = 41.9 Hz; ipso-Ph), 130.4 (br; p-Ph), 128.6 (d, 3J(C,P) = 11.0 Hz; m-Ph), 
106.1 (dd, 1J(C,Rh) = 13.0 Hz, 2J(C,P) = 7.0 Hz, CH cod), 69.6 (d, 1J(C,Rh) = 13.0 Hz; CH cod), 
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33.4 (s; CH2 cod), 28.8 (s, CH2 of cod), –0.0 ppm (s; SiC3); elemental analysis calc. (%) for 
C28H37ClPRhS2Si2 (663.23 g/mol): C 50.71, H 5.62, S 9.67; found: C 50.63, H 5.58, S 9.71. 
9b: 31P{1H} NMR (202.6 MHz, CDCl3): δ = 10.6 (d, 1J(P,Rh) 148.3 Hz); 1H NMR (500 MHz, 
CDCl3): δ = 7.78 (dd, 3J(H,P) = 11.6 Hz, 3J(H,H) = 7.6 Hz, 2H; o-Ph), 7.41 (s, 2H; Ar), 7.33 (m, 
3H; Ph), 5.54 (br, 2H; CH cod), 3.68 (br, 2H; CH cod), 2.37 (br, 2H; CH2 cod), 2.05 (br, 2H; 
CH2 cod), 0.91 (s, 18H; SiC(CH3)3), 0.31 (s, 6H; Si(CH3)2), 0.29 ppm (s, 6H; Si(CH3)2); 13C{1H} 
NMR (125.0 MHz, CDCl3): δ = 148.0 (d, J(C,P) = 9.7 Hz; Ar), 142.7 (d, 1J(C,P) = 43.0 Hz; 
ipso-Ar), 140.6 (d, J(C,P) = 6.4 Hz; Ar), 135.5 (d, 2J(C,P) = 11.8 Hz; Ar), 133.4 (d, 2J(C,P) = 
14.0 Hz; o-Ar), 130.4 (d, 1J(C,P) = 41.9 Hz; ipso-Ph), 130.3 (br; p-Ph), 128.5 (d, 3J(C,P) = 10.7 
Hz, m-Ph), 105.9 (dd, 1J(C,Rh) = 12.9 Hz, 2J(C,P) = 7.5 Hz; CH cod), 69.7 (d, 1J(C,Rh) = 12.9 
Hz; CH cod), 33.3 (s; CH2 cod), 28.8 (s; CH2 cod), 26.3 (s, SiC(CH3)3), 17.0 (s; SiC(CH3)3), 
−4.9 ppm (s; SiMe2), −5.0 ppm (s; SiMe2); elemental analysis calcd. (%) for C34H49ClPRhS2Si2 
(746.13 g/mol): C 54.64, H 6.61, S 8.58; found: C 55.00, H 6.82, S 8.60. 
 
10a,c: A solution of the respective dithienophosphole (2a: 0.83 g, 2 mmol, 2c: 0.52 g, 2 mmol) 
in THF (10 mL) was treated with W(CO)5·THF (0.87 g, 2.2 mmol) dissolved in 
THF (20 mL) at room  temperature. The reaction mixture was stirred for 16 h, all 
volatile materials were removed under vacuum. The light yellow or off-white residue 
respectively was taken up in hexane (10 mL). The product 10a was obtained from a concentrated 
hexane–toluene (1:1) solution at − 30°C as yellow crystals (0.76 g, 51% yield); complex 10c was 
obtained from a concentrated hexane solution at −30 ºC as off white powder (1.07 g, 83% yield). 
10a: 31P{1H} NMR (162.0 MHz, CDCl3): δ = −7.9 ppm (1J(P,W) = 227.9 Hz); 1H NMR (400 
MHz, CDCl3): 7.51 (m br, 2H; o-Ph), 7.37 (m br, 5H; Ar–H), 7.31 (m br, 2H; Ar–H), 0.32 ppm 
(s, 18H; Si(CH3)3); 13C{1H} NMR (100.4 MHz, CDCl3): δ = 198.4 (d, 2J(C,P)  = 20.7 Hz, 
1J(C,W) = 406.5 Hz, trans-CO), 195.8 (d, 2J(C,P) = 6.8 Hz, 1J(C,W) = 137.9 Hz; cis-CO), 146.8 
(d, 2J(C,P) = 38.9 Hz; Ar), 146.5 (d, J(C,P) = 2.9Hz; Ar), 144.8 (d, J(C,P) = 7.8 Hz; Ar), 132.7 
(d, 1J(C,P) 40.2Hz; ipso-Ph), 132.0 (d, 2J(C,P) = 15.3 Hz; o-Ar), 130.6 (d, 2J(C,P) = 13.3 Hz; o-
Ar), 130.3 (d, 4J(C,P) =  2.0 Hz; p-Ph), 128.8 (d, 3J(C,P) =10.7 Hz; m-Ar), −0.3 (s, SiC3); 
elemental analysis calcd. (%) for C25H25O5PS2Si2W (739.99 g/mol): C 40.54, H 3.40, S 8.66; 
found: C 40.76, H 3.59, S 8.66. 
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10c: 31P{1H} NMR (162.0 MHz, CDCl3): δ =  –3.9 ppm (1J(P,W) = 230.0 Hz); 1H NMR (400 
MHz, CDCl3): δ = 7.48 (m br, 2H; o-Ph), 7.36 (m br, 3H; Ar–H), 7.29 (dd, 3J(H,P) = 4.8 Hz, 
4J(H,P) = 0.6 Hz, 2H; Ar–H); 13C{1H} NMR (100.4 MHz, CDCl3): δ = 198.0 (d, 1J(C,W) = 21.0 
Hz; trans-CO), 195.6 (d, 2J(C,P) = 6.5 Hz, 1J(C,W) 406.5 Hz; cis-CO), 144.8 (d, 1J(C,P) = 47.7 
Hz; ipso-Ar), 141.7 (br, Ar), 132.5 (d, 1J(C,P) = 40.2 Hz,; ipso-Ph), 130.4 (d, 2J(C,P) = 13.2 Hz; 
o-Ar), 130.4 (d, 4J(C,P) = 2.0 Hz; p-Ph), 128.4 (d, 3J(C,P) = 10.7 Hz; m-Ar), 127.7 (d, 3J(C,P) = 
11.2 Hz; m-Ar), 130.4 (d, 2J(C,P) = 16.7 Hz; o-Ar). IR (KBr, cm−1): 2073, 2019, 1990, 1945, 
1917 m(CO). elemental analysis calc. (%) for C19H9O5PS2W (644.01 g/mol): C 38.28, H 1.52, S 
10.76; found: C 38.37, H 1.62, S 10.88. 
Gold-Complexes 
14a-c: A solution of the respective dithienophosphole 2a-c (2a: 0.42 g, 1 mmol; 2b: 0.48 g,1 
mmol, 2c: 0.27 g, 1 mmol) in CH2Cl2 (20 mL) was treated with Au(THT)Cl (0.32 
g, 1 mmol) and stirred for 1 h at room temperature. Subsequently, all volatiles 
were removed under vacuum and the residue was taken up in pentane (10 mL) and filtered 
through neutral alumina. The gold complexes 14a-c were obtained as colorless or light yellow 
crystals from concentrated pentane solutions kept at 4°C (14a: 0.53 g, 90%, 14b: 0.62 g, 84%, 
14c: 0.34 g 89% yield). 
14a: 31P{1H} NMR (202.6 MHz, CDCl3): δ = 1.9 (s) ppm; 1H NMR (500 MHz, CDCl3): δ = 7.62 
(dd, 3J(H,P)= 15.0 Hz, 3J(H,H) = 7.9 Hz, 2H; o-Ph), 7.38 (tm, 3J(H,H) = 7.9 Hz, 1H; p-Ph); 7.28 
(td, 3J(H,H) = 7.9 Hz, 4J(H,P) = 3.1 Hz, 2H; m-Ph), 7.20 (d, 3J(H,P) =  2.1 Hz, 2H; Ar), 0.35 (s, 
18H; Si(CH3)3) ppm; 13C{1H} NMR (125.0 MHz, CDCl3): δ = 150.0 (d, J(C,P) = 17.2 Hz; Ar), 
146.2 (d, J(C,P) = 9.7 Hz; Ar), 139.6 (d, J(C,P) = 65.5 Hz; ipso-Ar), 133.6 (d, 2J(C,P) =  17.2 Hz; 
Ar), 132.5 (br;  p-Ph), 132.4 (d, 2J(C,P) = 16.1 Hz;  o-Ar), 129.4 (d, 3J(C,P) = 11.8 Hz; m-Ph), 
126.6 (d, J(C,P) =  61.2 Hz; ipso-Ph), −0.2 ppm (s, SiCH3); elemental analysis calcd. (%) for 
C20H25AuClPS2Si2 (648.00 g/mol): C 37.01, H 3.88, S 9.88; found: C 36.90, H 3.7, S 9.71. 
14b: 31P{1H} NMR (202.6 MHz, CDCl3): δ = 2.1 (s) ppm; 1H NMR (500 MHz, CDCl3): δ = 
7.62 (dd, 3J(H,P) = 14.3 Hz, 3J(H,H) = 7.6 Hz, 2H; o-Ph), 7.38 (tm, 3J(H,H) = 7.6 Hz, 1H; p-Ph), 
7.28 (td, 3J(H,H) = 7.6 Hz, 4J(H,P) = 2.8 Hz, 2H; m-Ph), 7.20 (d, 3J(H,P) = 1.5 Hz, 2H; Ar), 0.93 
(s, 18H; SiC(CH3)3), 0.31 (s, 6H; Si(CH3)2), 0.30 (s, 6H; Si(CH3)2) ppm; 13C{1H} NMR (125.0 
MHz, CDCl3): δ = 150.1 (d, J(C,P) = 14.4 Hz; Ar), 143.3 (d, J(C,P) = 9.6 Hz; Ar), 139.3 (d, 
J(C,P) = 67.1 Hz; ipso-Ar), 133.5 (d, 2J(C,P) = 18.2 Hz; Ar), 133.4 (d, 2J(C,P) = 16.3 Hz; o-Ar), 
132.5 (br;  p-Ph), 129.4 (d, 3J(C,P) = 13.4 Hz; m-Ph), 126.6 (d, J(C,P) = 60.4 Hz; ipso-Ph), 26.3 
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(s; SiC(CH3)3), 16.8 (s; SiC(CH3)3), −4.9 (s; SiMe2), −5.0 (s; SiMe2) ppm; elemental analysis 
calcd. (%) for C26H37AuClPS2Si2 (732.10 g/mol): C 42.59, H 5.09, S 8.75; found: C 42.53, H 
5.01, S 8.68. 
14c: 31P{1H} NMR (202.6 MHz, CDCl3): δ = 7.43 (s) ppm; 1H NMR (400 MHz, CDCl3): δ = 
7.61 (dd, 3J(H,P) = 14.3 Hz, 3J(H,H) = 7.6 Hz, 2H; o-Ph), 7.54 (tm, 3J(H,H) = 7.3 Hz, 1H; p-Ph), 
7.47-7.35 (m, 4H) 7.15 (dd, J(H,H) = 5.3 Hz, 3J(H,P) = 2.1 Hz, 2H; thiophene). 
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3.4 Pentafluorophenyl-dithienophospholes 
16: n-BuLi (2.82 mL, 7.05 mmol) was added to a solution of 1c (1.14 g, 3.52 mmol) in diethyl 
ether (140 mL) at –78°C. The reaction mixture was allowed to warm up to room 
temperature and stirred at this temperature for 10 min. After cooling the mixture to    
–78 ºC X2PC6F5‡‡‡ (1.25g, 3.53 mmol) was added. The reaction mixture was allowed 
to warm up quickly to room temperature and stirred at this temperature for 1 h. All 
volatile materials where removed in vacuum. The residue was taken up in CH2Cl2 and filtered 
through neutral alumina. The product 16 was obtained as a light yellow powder after washing 
with diethyl ether and n-pentane. Needle shaped crystals of 16 suitable for X-ray structure 
analysis where provided from a concentrated acetonitrile solution.(2.4 g, 95% yield) 
31P{1H} NMR (80 MHz, CDCl3): δ = –51.3 (t, 3J(P,F) = 23.6 Hz) ppm; 19F NMR (282 MHz, 
CDCl3): δ = –129.6 (dt, 3J(F,F) = 24.4 Hz, 4J(F,F) = 8 Hz; o-F), –151.28 (t, 3J(F,F) = 22.1 Hz; m-
F), –160.6 ppm (dt, 3J(F,F) = 20.5 Hz, 4J(F,F) = 8.3 Hz; p-F); 1H NMR (300 MHz, CDCl3): δ = 
7.23 (dd 3J(H,H) = 4.9 Hz, 4J(H,P) = 2.8 Hz, 2H; thiophene), 7.23 (dt 3J(H,H) = 4.8 Hz; 2H; 
thiophene); 13C{1H} NMR (100 MHz, CDCl3): δ = 147.2 (br, 1J(C,F) = 253.24 Hz; o-Ph), 143.5 
(d, 2J(C,P) = 4.1 Hz; thiophene), 143.1 (br; ipso-Ph), 141.8 (d, 1J(C,F) = 254.6 Hz; p-Ph), 137.5 
(br, 1J(C,F) = 254.9 Hz; m-Ph), 126.5 (d, 2J(C,P) = 6.8 Hz; thiophene), 127.2 ppm (dt, 4J (C,F) = 
2.5 Hz 1J(C,P) = 20 Hz; ipso-thiophene); elemental analysis calcd. (%) for C14H4F5PS2 (362.38 
g/mol): C 46.41 H 1.11; found C 46.45 H 1.85. 
 
17: H2O2 (1.5 mmol) was added to a solution of 16 (340 mg, 0.93 mmol) in CH2Cl2 (30 mL) and 
stirred 3 h at room temperature. H2O (20 mL) was added and the organic layer 
was separated. After drying with MgSO4 the solvent was removed and the 
product was obtained as light yellow solid (351 mg, 96% yield). Crystals suitable 
for X-ray diffraction were obtained from concentrated acetone solution of 17 at 
room temperature. 
31P{1H} NMR (162 MHz, CDCl3): δ = 3.4 (s) ppm; 19F NMR (282 MHz, CDCl3): δ = –129.6 (d, 
3J(F,F) = 19.3 Hz o-F), –145.6 (dt, (3J(F,F) = 20.6 Hz; m-F), –160.6 pm (m, p-F); 1H NMR (400 
MHz, CDCl3): δ = 7.36 (dd, 3J(H,H) = 5.2 Hz, 3J(H,P) = 3.7 Hz, 2H; thiophene), 7.35 ppm (dtd, 
3J(H,H) = 5.2 Hz, 3J(H,P) = 5.2 Hz, 6J(H,F) = 2.5 Hz, 2H; thiophene); 13C{1H} NMR (100 MHz, 
                                                
‡‡‡  Mixture of XYPC6F5 (with X=Y=Br; X=Br, Y=Cl and X=Cl, Y=Cl), calculated molecular mass in relation to 
the proportions of the mixture found in the 31P NMR (δ  = 135 (t), 124 (t) and 110 (t) ppm). 
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CDCl3): δ = 147.26 (d br, 1J(C,F) = 261.2 Hz; Ph), 146.8 (s; thiophene), 146.5 (s; thiophene), 
144.1 (d br, 1J(C,F) = 264.2 Hz; Ph), 137.8 (d br, 1J(C,F) = 261.2 Hz; Ph) 136.4 (d, 1J(C,P) = 
124 Hz  ipso-thiophene), 128.3 (d, 3J(C,P) = 16.6 Hz), 127.6 ppm (dt, 5J(C,F) = 5.1 Hz, 2J (C,P) 
= 15.2 Hz; thiophene); elemental analysis calcd. (%) for C14H4F5OPS2 (377.94 g/mol): C 44.45, 
H 1.07; found: C 44.80, H 1.38. 
 
18: NBS (2.4 g, 13.2 mmol) was added to a solution of 16 (1.6 g, 4.4 mmol) in acetic acid        
(20 mL) and CHCl3 (30 mL) at room temperature. The solution was stirred for 
5h. After neutralizing the reaction mixture with NaOH the product was 
extracted with CHCl3. The organic layer was washed with aqueous NaOH and 
H2O, respectively, and dried with MgSO4. After evaporation of the solvent the 
crude product 18 was obtained as a light yellow powder (2.1 g, 86% yield). Recrystallization 
from acetone provided yellow crystals of 18 suitable for X-ray structure analysis.  
31P{1H} NMR (162 MHz, CDCl3): δ = –3.52 (s) ppm; 19F NMR (282 MHz, CDCl3): δ = –129.4 
(d, 3J(F,F) = 19.9 Hz o-F), –144.3 (mt, (3J(F,F) = 20.6 Hz; m-F), –157.9 ppm (m, p-F) 1H NMR 
(400 MHz, CDCl3): δ = 7.72 (dt, 3J(H,P) = 2.5 Hz, 6J(H,F) = 2.5 Hz, 2H; thiophene); 13C{1H} 
NMR (100 MHz, CDCl3): δ = 13C{1H} NMR (100 MHz, CDCl3): δ = 147.6 (d br, 1J(C,F) = 
258.8 Hz; Ph), 146.3 (s; thiophene), 145.9 (s; thiophene), 144.4 (d br, 1J(C,F) = 255.4 Hz; Ph), 
137.9 (d br, 1J(C,F) = 261.9 Hz; Ph) 135.2 (d, 1J(C,P) = 122.9 Hz; ipso-thiophene), 129.7 (dt, 
5J(C,F) = 5.1 Hz, 2J (C,P) = 15.0 Hz; thiophene), 115.4 ppm (d, 3J(C,P) = 20.5 Hz; thiophene-
Br); elemental analysis calcd. (%) for C14H2Br2OF5PS2 (536.07 g/mol): C 31.37, H 0.38; found: 
C 31.62, H 0.97. 
 
19: Au(THT)Cl (221 mg, 0.69 mmol) was added to a solution of 16 (250 mg, 0.69 mmol) in 
CH2Cl2. After stirring for 5 h at room temperature the solvent was removed in 
vacuum. The light yellow solid was washed with pentane and recrystallized from a 
concentrated CH2Cl2 solution. (390 mg, 95% yield) Crystals of 19, suitable for X-
ray analysis were obtained at 4°C from a concentrated CH2Cl2 solution. 
31P{1H} NMR (162 MHz, CDCl3): δ = –15.1 (m) ppm; 19F NMR (282 MHz, CDCl3): δ = –127.7 
(m), –145.4 (mt, (3J(F,F) = 20.7 Hz; m-F), –157.8 ppm (m, p-F); 1H NMR (400 MHz, CDCl3): δ 
= 7.34-7.40 (m, 2H; thiophene) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ = 13C{1H} NMR (100 
MHz, CDCl3): δ = 146.8 (d br, 1J(C,F) = 2560.4 Hz; Ph), 146.9 (s; thiophene), 145.7 (s; 
thiophene), 143.8 (d br, 1J(C,F) = 272.4 Hz; Ph), 138.9 (d br, 1J(C,F) = 273.7 Hz; Ph) 132.7 (d, 
Br
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1J(C,P) = 132.0 Hz  ipso-thiophene), 128.6 (d, 3J(C,P) = 15.1 Hz, thiophene), 127.7 ppm (dt, 
5J(C,F) = 4.5 Hz, 2J (C,P) = 18.9 Hz; thiophene); elemental analysis calc. (%) for 
C14H4S2F5PAuCl•CH2Cl2 (714.07 g/mol): C 26.51, H 0.89 found: C 26.82 H 1.34. 
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3.5 Cross-Coupling 
3.5.1 Precursors for Cross-Coupling Reactions 
20§§§: A solution of phosphole 2c (2.4 g, 8.8 mmol) in THF was treated with LDA (17.6 mmol in 
4 mL of THF) at –78°C. The dark yellow suspension was then stirred 
for 10 min at that temperature before 2-isopropoxy-4,4’,5,5’-
tetramethyl-1,3,2-dioxoborolane (3.6 g, 19.4 mmol) was added. The 
reaction mixture was warmed up and stirred for another 20 min at room temperature. All 
volatiles are subsequently removed under vacuum and the yellow/brown residue was taken up in 
water (100 mL). To this solution, a 70% aqueous solution of t-BuOOH (1.14 g, 8.8 mmol) was 
added and the reaction mixture was stirred for 30 min at room temperature. CH2Cl2 was added 
and the product was extracted into the organic layer upon addition of HCl conc. (10 mL). The 
brown organic layer was separated, washed with water (3 x 70 mL) and dried over MgSO4. All 
volatile materials were removed under vacuum and the dark yellow residue was recrystallized 
from a pentane/CH2Cl2 (9:1) solution to afford the product as a yellow solid (3.8 g, 80% yield).  
31P{1H} NMR (160 MHz, CDCl3): δ = 16.5 (s) ppm; 11B{1H} NMR (160 MHz, CDCl3): δ = 28.5 
ppm (br. s); 1H-NMR (500 MHz, CDCl3): δ = 7.70 (br. dd, 2H, 3J(H,P)= 13.3 Hz, 3J(H,H)= 8.1 
Hz, o-Ph), 7.62 (d, 2H, 3J (H,P) = 2.5 Hz; thiophene); 7.50 (br t, 1H, 3J(H,H) = 8.0 Hz;  p-Ph), 
7.40 (br. t, 2H, 3J(H,H) = 7.9 Hz; m-Ph), 1.32 (s, 24H; CH3) ppm; 13C{1H} NMR (125 MHz, 
CDCl3) : δ = 151.5 (d, J(C,P) = 24.5 Hz, Ar); 141.5 (d, 1J(C,P) = 110.1 Hz; ipso-Ph), 135.7 (d, 
J(C,P) = 14.5 Hz; Ar), 132.5 (s, o-Ph), 131.8 (d, J(C,P) = 12.3 Hz; m-Ar), 130.8 (d, 4J(C,P) = 
12.3 Hz, Ph); 128.8 (d, 3J(C,P) = 13.3 Hz; Ph), 84.5 (s; CCH3), 24.8 (s; CH3), 24.6 ppm (s; CH3); 
elemental analysis calcd. (%) for C26H31B2O4PS2 (540.2 g/mol): C 57.80, H 5.78, S 11.87; found: 
C 57.79, H 5.79, S 11.93.  
 
22: NBS (7.1 g, 40 mmol) was added to a solution of dithieno[3,2-b:2’,3’-d]phosphole 2c (2.7 g,  
10 mmol) in acetic acid (75 mL) and CHCl3 (150 mL) at room temperature. 
The solution was stirred for 5h. After neutralizing the reaction mixture with 
aqueous NaOH the product was extracted with CHCl3. The organic layer was 
washed with aqueous NaOH and H2O, respectively, and dried with MgSO4. After evaporation of 
                                                
§§§ Revised and English version of the procedure that was first published in the diploma thesis of T. Neumann 
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the solvent the crude product was obtained as a yellow powder (3.3 g, 76% yield). 
Recrystallization from acetone provided yellow crystals of 22 suitable for X-ray structure 
analysis. 
31P{1H} NMR (162 MHz, CDCl3): δ = 18.8 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.72 (dd, 
3J(H,P) = 13.8 Hz, 3J(H,H) = 7.2 Hz, 2 H; o-Ph), 7.48 (t, 3J(H,H) = 7.4 Hz, 1 H; p-Ph), 7.48 (td, 
3J(H,H) = 7.5, 4J(H,P) = 3.2 Hz, 2 H; m-Ph), 7.14 ppm (d, 3J(H,P) = 2.2 Hz, 2 H; thiophene-H); 
13C{1H} NMR (100 MHz, CDCl3): δ = 145.2 (d, J(C,P) = 22.5 Hz; Ar), 137.6 Hz (d, 1J(C,P) = 
110.9 Hz; ipso-Ar), 132.9 (d, 4J(C,P) = 2.6 Hz; p-Ph), 130.8 (d, 2J(C,P) = 11.3 Hz; o-Ar), 128.3 
(d, 1J(C,P) = 110 Hz; ipso-Ph), 129.2 (d, 2J(C,P) = 13.0 Hz, o-Ph), 128.4 ppm (d, 3J(C,P) = 13.8 
Hz; m-Ph), 115.3 ppm (d, 3J(C,P) = 18.2 Hz; Ar-Br); elemental analysis calcd. (%) for 
C14H7Br2OPS2 (446.12 g/mol): C 37.69, H 1.58, S 14.38; found: C 37.54, H 1.52, S 14.34. 
Stannylated and borylated coupling precursors 
 23b: n-BuLi (3.43 mL, 8.5 mmol) was added drop wise to a solution of 4-bromo-biphenyl (2.0 g, 
8.5 mmol) in THF (20 mL) at –78°C. After adding Bu3SnCl (2.76 g, 8.5 mmol) 
the mixture was stirred 1 h at room temperature. All volatiles were 
subsequently removed from the yellow solution by evaporation. The residue was taken up in 
diethyl ether and filtered over neutral alumina. The product 23b was obtained as colorless oil. 
(3.2 g, 85% yield) 
1H NMR (200 MHz, CDCl3): δ = 6.85-7.32 (m; 9 H; biphenyl), 1.19-1.45 (m; 6H; alkyl-CH2), 
1.16-0.91 (m; 12H; alkyl-CH2), 0.55-0.65 ppm (m; 9H; alkyl-CH3). 
 
 23e: n-BuLi (6.4 mL, 16 mmol) was added drop wise to a solution of 2-bromo-6-methylpyridine 
(2.5 g, 14.5 mmol) in THF (35 mL) at –78°C and stirred for 90 min. After adding 
Bu3SnCl (4.73 g, 14.5 mmol) the mixture was allowed to warm up to room 
temperature. H2O (15 mL) was added and the product was extracted with diethyl ether (3 x 20 
mL). All volatile substances where removed by evaporation. The residue was taken up in a 
mixture of pentane and acetone and filtered over neutral alumina. Evaporation of the solvent 
afforded the product 23e as colorless oil (4.9 g, 90% yield). 
1H NMR (200 MHz, CDCl3): δ = 7.35 (t, 3J(H,H) = 7.3 Hz, 1H; 4-pic), 7.18 (d, 3J(H,H) = 7.3 Hz, 
1H; 5-pic), 6.95 (d, 3J(H,H) = 7.8 Hz, 1H; 3-pic), 2.58 (s, 3H; pic-CH3), 1.66-1.52 (m, 6 H; 
alkyl-CH2), 1.41-1.32 (m, 6H; alkyl-CH2), 1.22-1.09 (m, 6H), 1.07-0.87 (m, 9H; alkyl-CH3) ppm. 
 
SnBu3
N SnBu3
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23f: n-BuLi (4.0 mL, 10 mmol) was added drop wise to a solution of thiophene (8.41 g, 10 mmol)  
in THF (20 mL) at 78°C. The solution was stirred for 0.5 h at room temperature. 
After cooling to –78 ºC 2-isopropoxy-4,4’,5,5’-tetramethyldioxoborolane (1.86 g, 
10 mmol) was added and the reaction mixture was stirred for 20 min at room 
temperature. The solvent was removed under vacuum and the residue was taken up in CHCl3. 
Under vigorous stirring, 5 N HCl (20 mL) was added. The organic layer was collected and dried 
over MgSO4. After evaporation of the solvent the product was recrystallized from n-pentane. (2 
g, 95% yield).  
1H NMR (200 MHz, CDCl3): δ = 7.64 (d, 3J(H,H) = 3.2 Hz, 1 H; 3-thiophene), 7.62 (d, 3J(H,H) 
= 4.6 Hz, 1 H; 5-thiophene), 7.24 (dd, 3J(H,H) = 4.8 Hz, 3J(H,H) = 3.6 Hz, 1 H; 4-thiophene), 
1.33 (s, 12 H; CH3) ppm. 
 
23h: n-BuLi (4.8 mL, 12 mmol) was added drop wise to a solution of 4-fluorobromobenzene 
(1.75 g, 10 mmol) in a solvent mixture of toluene (16 mL) and THF (4 mL) at 
–78°C. The  solution was stirred for 30 min at 20°C, then 2-isopropoxy-
4,4’,5,5’-tetramethyl-dioxoborolane (2.23 g, 12 mmol) was added at that temperature and the 
reaction mixture was stirred for another 20 min at room temperature. The solvent was removed 
under vacuum and the residue taken up in CH2Cl2. Under vigorous stirring 5 N HCl (20 mL) was 
added. The organic layer was collected and dried with MgSO4. After evaporation of the solvent, 
the product 23h was obtained as colorless oil (2 g, 95% yield).  
1H NMR (300 MHz, CDCl3): δ = 7.85 (dd, 3J(H,H) = 8.5 Hz, 2 H; 3-Ar), 7.15 (m, 2 H; 2-Ar), 
1.35 (s, 12 H; CH3) ppm; 19F NMR (282 MHz, CDCl3): δ = 108.3 (tt, 3J(H,F) = 9.1 Hz, 4J(H,F) = 
6.1 Hz) ppm. 
 
23i: n-BuLi (4.0 mL, 10 mmol) was added drop wise to a solution of 4-bromo-N,N-  
triphenylamine (1.75 g, 10 mmol) in THF (50 mL) at –78°C and stirred 30 min 
at this temperature. Bu3SnCl (3.42 g, 10.5 mmol) was added and the reaction mixture was stirred 
3 h at room temperature. After removing all volatile materials in vacuum the residue was taken 
up in n-pentane and filtered through neutral alumina. After evaporation of the solvent 23i was 
obtained as colorless oil. (3.7 g, 67% yield) 
1H NMR (200 MHz, CDCl3): 7.35 (m, 5 H; Ar), 7.06 (m, 9 H; Ar), 1.44 (m, 14 H; alkyl-CH2) 
1.03 (m, 4 H; alkyl-CH2), 0.89 (t, 3J(H,H) = 7.1 Hz, 9 H; alkyl-CH3) ppm. 
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3.5.2 Cross-Coupling Reactions 
24a: Phenylboronic acid (23a) (0.51 g, 4.15 mmol) and 22 (0.93 g, 2.07 mmol) were dissolved in  
toluene (40 mL). After adding a aqueous 2 M Na2CO3 solution (23 mL) and 
Pd(PPh3)4 (0.35 g, 0.3 mmol) the reaction mixture was refluxed for 24 h at 
120°C. The precipitated product and the organic layer were subsequently 
separated. After removing all volatile materials, the product was washed with n-pentane, n-
heptane and diethyl ether to provide 24a as a yellow powder (800 mg, 90% yield). 
31P{1H} NMR (80 MHz, CDCl3): δ = 17.4 ppm; 1H NMR (200 MHz, CDCl3): δ = 7.82 (dd, 
3J(H,P) = 13.5 Hz, 3J(H,H) = 7.0 Hz, 2 H; o-Ph), 7.55 (m, 5 H), 7.46 (td, 3J(H,H) = 7.5 Hz, 
4J(H,H) = 3.2 Hz, 2 H; m-Ph), 7.39 (td, 3J (H,H) = 7.0 Hz, 4 H), 7.36 (d, 2J(H,P) = 2.5 Hz, 2 H; 
thiophene), 7.32 ppm (m, 2 H); 13C{1H} NMR (100 MHz, CDCl3): δ = 148.5 (d, J(C,P) = 13.8 
Hz; Ar), 144.4 (d, 3J(C,P) = 23.4 Hz; Ar), 139.2 (d, 1J(C,P) = 111.8 Hz; ipso-Ar), 133.3 (s; 
phenyl), 132.6 (d, 4J(C,P) = 2.6 Hz; p-Ph), 130.9 (d, 2J(C,P) = 11.3 Hz; o-Ar), 130.0 (s; Phenyl), 
129.2 (s; Phenyl), 129.0 (d, 3J(C,P) = 13 Hz; o-Ph), 128.4 (s; Phenyl), 126.7 (s; Phenyl), 125.7 (s; 
Phenyl), 121.5 ppm (d, 2J(C,P) = 14.7 Hz; m-Ph); elemental analysis calc. (%) for C26H17OPS2 
(440.52 g/mol): C 70.89, H 3.89; found: C 70.46, H 4.35. 
 
24b: Compounds 22 (956 mg, 2.14 mmol) and 23b (1.9 g, 4.28 mmol) were dissolved in toluene  
(30 mL). A catalytic amount of [Pd(PPh3)4] (120 mg, 0.1 
mmol) was added and the reaction mixture was refluxed for 
20 h at 120 C. After evaporating all volatile materials the 
product 24b was taken up in acetone, filtered over neutral 
alumina and washed with pentane, heptane and diethyl ether. The product was obtained as an 
orange powder (650 mg, 52%).  
31P{1H} NMR (80 MHz, CDCl3): δ = 17.3, (17.5 17.0); 1H NMR (400 MHz, CDCl3): δ = 7.83 
(7.77) (dd, 3J(H,P) = 13.8 Hz, 3J(H,H) = 7.2 Hz, 2 H; o-Ph), 7.85 (7.78) (td, 3J(H,H) = 13.5 Hz, 
4J(H,H) = 1.2 Hz, 2 H; m-Ph), 7.62 (m, 9 H), 7.46 (m, 6 H), 7.38 (m, 4 H), 7.14 (7.12) (d, 
2J(H,P) = 2.5 Hz, 2 H; thiophene); 13C NMR (100 MHz, CDCl3): δ = 145.2 (d, J(C,P) = 22.5 Hz; 
Ar), 141.1 (d, 3J(C,P) = 18.1 Hz; Ar), 138.0 (d, 1J(C,P) = 110.1 Hz; ipso-Ar), 133.1 (d, 4J(C,P) = 
2.6 Hz; p-Ph), 131 .5 (d, 1J (C,P) = 105.7; ipso-Ar), 130.8 (d, 2J(C,P) = 11.3 Hz; o-Ar), 129.2 (s; 
biphenyl), 129.2 (d, 3J(C,P) = 13 Hz; o-Ph), 129.1 (s; biphenyl), 128.9 (s; biphenyl), 128.4 (s; 
biphenyl), 128.3 (s; biphenyl), 127.8 (s; biphenyl), 127.5 (s; biphenyl), 126.9 (s; biphenyl), 121.5 
ppm (d, 2J(C,P) = 13.9 Hz; m-Ph).  
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24c: Naphtalene-2-boronic acid (23c) (0.26 g, 1.5 mmol) and 22 (0.33 g, 0.74 mmol) were  
dissolved in toluene (10 mL). Aqueous 2 M Na2CO3 solution 
(8.3 mL) and Pd(PPh3)4 (0.09 g, 0.075 mmol) were added and 
the reaction mixture refluxed for 20 h at 120°C upon which the 
orange product precipitated from solution. After separating the product from the aqueous layer it 
was washed with diethyl ether, n-pentane and acetone. Small red crystals of 23c could be 
obtained from concentrated acetone and acetonitrile solutions at room temperature (380 mg, 90% 
yield). 
31P{1H} NMR (80 MHz, CDCl3): δ = 17.3 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.9 (d, 4J(H,H) 
= 1.2 Hz, 2H; 1-naph.), 7.86 (dd, 3J(H,H) = 7.0 Hz, 3J(H,P) = 7.0 Hz, 2H; o-Ph), 7.80 (m, 6 H),  
7.63 (dd, 3J(H,H) = 8.5 Hz, 4J(H,H) = 1.7, 2H; 8-naph.), 7.55 (td, 3J(H,H) = 7.5 Hz, 4J(H,H) = 
1.5 Hz, 1H; p-Ph),  7.49 (dd, 3J(H,H) = 6.7 Hz, 4J(H,H) = 1.5 Hz, 2H; naph.) 7.49 (dd, 3J(H,H) = 
6.7 Hz, 4J(H,H) = 1.5 Hz, 2H; naph.), 7.4 (d, 3J(H,H) = 1.7 Hz, 4 H; thiophene and 3-naph.), 
7.44 ppm (dd, 3J(H,H) = 6.7 Hz, 4J(H,H) = 1.2 Hz, 2H; naph.); 13C{1H} NMR (100 MHz, 
CDCl3): δ = 148.6 (d, J(C,P) = 14.7 Hz; Ar), 144.5 (d, 3J(C,P) = 23.4 Hz; Ar), 139.1 (d, 1J(C,P) 
= 111.8 Hz; ipso-Ar), 132.4 (s; naph.), 133.0 (s; naph.), 132.6 (d, 4J(C,P) = 2.6 Hz; p-Ph), 130.9 
(d, 2J(C,P) = 12.1 Hz; o-Ar), 130.7 (s; naph.); 129.5 (d, 3J(C,P) = 13.2 Hz; o-Ph), 129.5 (d, 
1J(C,P) = 105.0 Hz; ipso-Ph), 128.9 (s; naph.); 128.0 (s; naph.), 127.7 (s; naph.), 126.8 (s; naph.), 
126.4 (s; naph.), 124.2 (s; naph.), 123.6 (s; naph.), 121.7 ppm (d, 4J(C,P) = 13.0 Hz; m-Ph); 
elemental analysis calc. (%) for C34H21OPS2•0.5 acetone (568.64 g/mol): C 74.85, H 4.25, S 
11.26; found: C 74.88, H 4.40, S 11.11. 
 
24e: 23e (0.31 g, 0.74 mmol) and 22 (0.17 g, 0.37 mmol) were dissolved in toluene (20 mL).  
Pd(PPh3)4 (0.02 g, 0.015 mmol) was added and the mixture was 
refluxed for 20 h at 120°C. After removing the solvent in vacuum, an 
brownish oil was obtained that was dissolved in acetone and filtered 
over neutral alumina to yield 24e as yellow powder (162 mg, 93% yield).  Recystallization of the 
product from acetonitrile at room temperature afforded single crystals suitable for X-ray 
structure analysis. 
31P{1H} NMR (80 MHz, CDCl3): δ = 17.0 ppm; 1H NMR (300 MHz, CDCl3): δ = 7.72 (dd, 
3J(H,P) = 13.1 Hz, 3J(H,H) = 7.2 Hz, 2H; o-Ph), 7.47 (m, 5H), 7.37 (td, 3J(H,H) = 7.6, 4J(H,H) = 
3.2 Hz, 2H; m-Ph), 7.30 (d, 3J(H,H) = 7.9 Hz, 2H; pic), 6.95 (d, 3J(H,P) = 7.6 Hz, 2H; thiophene), 
2.49 (s, 6H; CH3-pic) ppm; 13C{1H} NMR (75 MHz, CDCl3): δ = 158.6 (s; 2-pic), 150.8 (s; 6-
pic), 150.1 (d, J(C,P) = 13.2 Hz; Ar), 139.5 (d, 1J(C,P) = 112.5 Hz; ipso-Ar), 136.9 (s; 4-pic), 
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132.5 (d, 4J(C,P) = 2.9 Hz; p-Ph), 130.9 (d, 3 J(C,P) = 12.0 Hz; o-Ar), 129.0 (d, 2J(C,P) = 13.2 
Hz; o-Ph), 122.3 (d, 3J(C,P) = 14.4; m-Ph), 122.2 (s; 3-pic), 115.6 (s; 5-pic), 24.4 ppm (s; CH3-
Pic); elemental analysis calcd. (%) for C26H19N2OPS2 (470.55 g/mol): C 66.36, H 4.07, N 5.95, S 
13.63; found: C 66.12, H 4.18, N 6.14, S 13.47.   
 
24f: Compounds 22 (1.95 mmol, 0.87 g) and 23f (3.9 mmol, 0.82 g) were dissolved in THF     
(30 mL). After adding CsF (12 mmol, 1.8 g) and a catalytic amount of 
Pd(PPh3)4 (0.12 mmol, 0.14 g), the reaction mixture was refluxed at 80°C 
for 12 h. The product was extracted with CHCl3 taken up in acetone and 
filtered through neutral alumina. After washing with hot n-heptane, the product 24f was 
recrystallized from acetonitrile. (600 mg, 68 % yield)  
31P{1H} NMR (80 MHz, CDCl3): δ = 16.9 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.73 (dd, 
3J(H,P) = 13.6  Hz, 3J(H,H) = 7.28 Hz, 2 H; o-Ph), 7.48 (td, 3J(H,H) = 7.5, 3J(H,H) = 1.7, 1 H; p-
Ph), 7.38 (td, 3J(H,H) = 7.5, 4J(H,P) = 3.0 Hz, 2 H; m-Ph), 7.17 (dd, 3J(H,H) = 5.20 Hz, 4J(H,H) 
= 1.00 Hz, 2 H; 2-thiophene), 7.09 (dd, 3J(H,H) = 3.5 Hz, 3J(H,P) = 1.00 Hz, 4 H; 4,4’-
thiophene), 6.94 ppm (dd, 3J(H,H) = 5.0 Hz, 4J(H,H) = 1.0 Hz, 2H; 3-thiophene); 13C{1H} NMR 
(100 MHz, CDCl3): δ = 143.5 (d, 3J(C,P) = 22.5 Hz; Ar), 141.3 (d, 2J(C,P) = 15.6 Hz; Ar), 139.1 
(d, 1J(C,P) = 111.8 Hz; ipso-Ar), 135.9 (s; 2-thiophene), 132.6 (d, 4J(C,P) = 2.6 Hz; p-Ph), 130.9 
(d, 3J(C,P) = 11.2 Hz; o-Ar), 129.1 (d, 1J(C,P) = 13.2 Hz; o-Ph), 129.4 (d, 1J(C,P) = 108 Hz; 
ipso-Ph), 128.1 (s; 4-thiophene), 125.5 (s; 5-thiophene), 124.5 (s; 3-thiophene), 121.9 ppm (d, 
3J(C,P) = 14.7 Hz; m-Ph); elemental analysis calcd. (%) for C22H13OPS4 (452.58 g/mol): C 58.38, 
H 2.90; found: C: 58.22, H: 2.96.  
 
24h:  Compounds 23h (590 mg, 2.67 mmol) and 22 (596 mg, 1.3 mmol) were dissolved in THF 
(40 mL). Pd(PPh3)4 (0.09 g, 0.081 mmol) and CsF (1.23 g, 8.1 
mmol) were added and the reaction mixture was refluxed 20 h at 
80°C. The product was extracted with CHCl3, the organic layer 
washed with water and dried with MgSO4. After evaporation of the solvent the residue was taken 
up in CHCl3 again and filtered through neutral alumina. The product was obtained as an orange 
solid (562 mg, 91% yield). Recrystallization from acetonitrile afforded 24h as small red needle-
shaped crystals. 
31P{1H} NMR (80 MHz, CDCl3): δ =17.4 (s) ppm; 19F NMR (470 MHz, CDCl3): 112.6 (m) ppm; 
1H NMR (300 MHz, CDCl3): δ = 7.74 (dd, 3J(H,P) = 13.5 Hz, 3J(H,H) = 7.0 Hz, 2H; o-Ph), 7.47 
(m, 5 H), 7.39 (td, 3J(H,H) = 7.7, 4J(H,P) = 3.2 Hz, 2H; m-Ph), 7.21 ppm (d, 2J (H,P) = 2.5 Hz, 
S S
P
PhO
SS
S S
P
PhO
FF
3 Experimental  91 
 
2H; thiophene), 7.02 ppm (t, 3J(H,H) = 8.5 Hz, 4H; F-phenyl); 13C{1H} NMR (100 MHz, 
CDCl3): δ = 162.8 (d, 1J(C,F) = 248 Hz; ipso-F-phenyl), 147.3 (d, J(C,P) = 14.7 Hz; Ar), 144.3 
(d, 3J(C,P) = 22.5 Hz; Ar), 139.7 (d, 1J(C,P) = 111.8 Hz; ipso-Ar), 132.6 (d, 4J(C,P) = 2.6 Hz; p-
Ph), 130.9 (d, 2J(C,P) = 11.2 Hz; o-Ar), 129.6 (d; 4J(C,F) = 2.6 Hz; p-F-phenyl), 129.1 (d, 3J(C,P) 
= 13 Hz; o-Ph), 127.5 (d; 3J(C,F) = 8.7 Hz; m-F-phenyl), 121.5 (d, 4J(C,P) = 14.7 Hz; m-Ph); 
116.2 ppm (d, 2J(C,F) = 22.5 Hz; o-F-phenyl); elemental analysis calcd. (%) for C26H15BF2OPS2 
(476.5 g/mol): C 65.54, H 3.17; found : C 65.17, H 3.38. 
 
24i:  Compounds 23i (1.92 g, 3.6 mmol) and 22 (822 mg, 1.8 mmol) were dissolved in toluene 
(40 mL). Pd(PPh3)4 (0.21 g, 0.18 mmol) was added and the 
mixture was refluxed for 20 h at 120°C. After removing the 
solvent in vacuum, a red oil was obtained that was dissolved in 
acetone and filtered over neutral alumina. The filtrate was evaporated to dryness and washed 
with n-pentane and diethyl ether to afford 24i as red solid  (1.23 g, 88% yield). 
31P{1H} NMR (80 MHz, CDCl3): δ = 17.6 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.80 (m, 2 H; 
o-Ph), 7.54 (m, 1 H; p-Ph), 7.45 (m, 2 H; m-Ph), 7.39 (4 H, m-Ar), 7.27 (m, 6 H), 7.24 (d, 2 H; 
thiophene), 7.08 ppm (m, 15 H); 13C{1H} NMR (100 MHz, CDCl3): δ = 148.4 (d, J(C,P) = 14.7 
Hz; Ar), 148.0 (s; N-Ph), 147.2 (s; N-Ph), 143.6 (d, J(C,P) = 24.3 Hz), 138.7 (d, 1J(C,P) = 
111.84 Hz; ipso-Ar), 132.5 (d, 4J(C,P) = 2.6 Hz; p-Ph), 130.9 (d, 2J(C,P) = 11.9 Hz; o-Ar), 129.4 
s, 128.9 (d, 2J(C,P) = 13.0 Hz; o-Ph), 127.0 (s; N-Ph), 126.4 (s; N-Ph), 124.8 (s; N-Ph), 123.3 (d, 
J(C,P) = 38.2 Hz; Ar), 120.4 ppm (d, 3J(C,P) = 14.7; m-Ph); elemental analysis calcd. (%) for 
C50H35N2OPS2 (774.93 g/mol): C 77.50 H 4.55 N 3.61; found: C 75.26 H 4.68 N 3.27.  
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3.5.3 Recovery of the Phosphole 
NMR-Experiments 
25f: An excess of BH3.SMe2 (0.04 mmol) was added at to a solution of 24f (5 mg, 0.011 mmol) 
in CDCl3 (0.5 mL) in a NMR tube at room temperature. An orange 
suspension was formed. After 20 min at room temperature a 31P NMR 
spectrum was measured.  
31P{1H} NMR (80 MHz, CDCl3): δ = 15.3 ppm 
 
26f: NEt3 (506 mg, 5mmol) was added to the same reaction mixture of 25f (0.2 mmol) in CDCl3  
at room temperature. After 10 min when no further shift of the 
fluorescence was observed a 31P NMR spectrum was measured. 
31P{1H} NMR (80 MHz, CDCl3): δ = –22.3 ppm 
 
Deprotection and Derivatization 
25a: To a solution of 24a (100 mg, 0.22 mmol) in CH2Cl2 (20 mL) an excess of BH3.SMe2 (2  
mmol) was added at room temperature and the reaction mixture was stirred 
for 1 h. Subsequently all volatile materials were removed under vacuum 
providing 25a as a yellow solid (89 mg, 95% yield). 
31P{1H} NMR (80 MHz, CDCl3): δ = 14.9 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.71 (m, 2H; 
o-Ph), 7.69 (dd, 3J(H,H) = 7.0 Hz, 4H), 7.59 (m, 4H), 7.49 (m, 1H, p-Ph), 7.41 (m, 8H), 7.32 (tt, 
3J(H,H) = Hz, 2H), 1.1 ppm (b s, 3H; BH3); 13C{1H} NMR (100 MHz, CDCl3): δ = 148.3 (d, 
2J(C,P) = 11.3 Hz; thiophene), 143.8 (s), 141.1 (d, 2J(C,P) = 12.1 Hz; thiophene), 139.7 (s), 
139.5 (d, 1J(C,P) = 62.4 Hz; ipso-thiophene), 133.5 (s; phenyl), 132.1 (d, 1J(C,P) = 10.4 Hz; 
ipso-Ph), 129.2 (s; Phenyl), 129.1 (d, 4J(C,P) = 3.5 Hz; p-Ph), 128.3 (s), 125.7 (s), 121.7 ppm (d, 
3J(C,P) = 15.6  Hz; m-Ph); 11B{1H} NMR (128.4 MHz, CDCl3): δ = –39.5 ppm. 
 
26a: NEt3 (506 mg, 5mmol) was added to a solution of compound 25a (0.2 mmol) in CH2Cl2 at 
room temperature and stirred for 2 h. After removing all volatile materials in 
vacuum the residue was taken up in diethyl ether and filtered over neutral 
alumina. The filtrate was evaporated to dryness and washed with n-pentane. 
(72 mg, 85% yield) 
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31P{1H} NMR (80 MHz, CDCl3): δ = –22.2 ppm; 1H NMR (400 MHz, CDCl3): δ = 7.48 (m, 4H; 
o-Ar), 7.45 (m, 2H; o-Ph), 7.29 (s, 2H; thiophene), 7.28 (td, 4H; p-Ar), 7.17 (m, 5H) ppm; 
13C{1H} NMR (100 MHz, CDCl3): δ = 146.6 (d, 1J(C,P) = 8.6 Hz; ipso-thiophene), 145.0 (d, 
3J(C,P) = 6.0 Hz; Ar), 140.1 (d, J(C,P) = 2.6 Hz; Ar), 133.3 (s; phenyl), 132.4 (d, 1J(C,P) = 14.7 
Hz; ipso-Ph), 131.6 (d, 2J(C,P) = 20.8 Hz; o-Ar), 131.1 (d, 11.27 Hz; o-Ph), 128.5 (s; phenyl), 
127.9 (s; phenyl), 127.7 (d, 3J(C,P) = 7.8 Hz; m-Ph), 126.5 (s; phenyl), 124.5 (s; phenyl), 121.5 
ppm (d, 2J(C,P) = 19.9 Hz; m-Ph); elemental analysis calcd. (%) for C26H17PS2 (424.52 g/mol): 
C 73.56, H 4.04; found: C 73.80, H 4.43. 
 
27a: Au(THT)Cl (53 mg, 0.16 mmol) was added to a solution of 26a (70 mg, 0.16 mmol) in  
CH2Cl2. After stirring 2 h at room temperature the solvent was removed in 
vacuum. The light yellow solid was filtered with n-pentane through neutral 
alumina. Small yellow needles could be obtained from a concentrated ether 
solution. (99 mg, 95% yield) Crystals of 27a suitable for X-ray analysis were obtained at room 
temperature from a concentrated acetone solution. 
31P{1H} NMR (80 MHz, CDCl3): δ = 6.5 (s) ppm; 1H NMR (400 MHz, CDCl3): δ = 7.65 (m, 2H; 
o-Ph), 7.54 (td 3J(H,H) = 7.0 Hz, 4J(H,H) = 1.5 Hz, 4 H; p-Ar), 7.4 (m, 9 H), 7.35 ppm (tt, 
3J(H,H) = 7.2 Hz, 4J(H,H) = 1.25 Hz, 2 H); 13C{1H} NMR (100 MHz, CDCl3): δ = 147.5 (d, 
2J(C,P) = 13.2 Hz; thiophene), 142.9 (d, 2J(C,P) = 13.8 Hz; thiophene), 137.0 (d, 1J(C,P) = 67.6 
Hz; ipso-thiophene), 132.5 (d, 1J(C,P) = 15.6 Hz; ipso-Ph), 132.1 (s; phenyl), 131.7 (d, 4J(C,P) = 
3.5 Hz; p-Ph), 128.5 (d, 2J(C,P) = 13.0 Hz; o-Ph), 128.4 (s; phenyl), 128.2 (s; phenyl), 127.5 (s; 
phenyl), 124.7 (s; phenyl), 120.5 (d, 3J(C,P) = 17.3 Hz; m-Ph) ppm; elemental analysis calcd. (%) 
for C26H17AuClPS2•1/2 CH2Cl2 (699.41 g/mol): C: 45.07, H: 2.55; found C: 45.22, H: 2.74. 
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3.6 Annelated Systems 
3.6.1 Precursors for Benzobridged Dithienophospholes 
30a: KIO4 (25 mmol) was dissolved in H2SO4 (180 mL) and KI (75 mmol) was added slowly to 
that mixture. The dark purple solution was cooled to –30 ºC and 1,3-
dibromobenzene (11.75 g, 50 mmol) was added. The solution was stirred and 
warmed up to 0 ºC within 5 h. The reaction mixture was then allowed to warm up to room 
temperature within 10 h and a cloudy light pink solution was yielded. The mixture was poured 
onto ice (1 L) and the off-white precipitate was filtered off. The solid was then washed with THF 
and methanol and gave the clean product 27. (9.86 g, 80.9% yield) 
1H-NMR (200 MHz, CDCl3): δ = 8.2 (s, 1H), 7.8 ppm (s, 1H). 
Sonogashira coupling 
31a: 30a (4.88 g, 10 mmol) was dissolved in degassed toluene (50 mL) and diisopropylamine 
(30 mL,).  TMSA (1.97 g, 20 mmol) was added to the slight yellow 
solution. Pd(PPh3)2Cl2 (0.3 mmol) was added and the solution turned 
yellow. After addition of CuI (124 mg, 0.65 mmol) the solution started to 
darken, then went to an orange color, and then green with a brown tinge. The solution was 
allowed to stir for 2.5 h at 30 ºC until an orange solution with a grey precipitate was observed. 
This precipitate was filtered off and all volatile materials were removed from the filtrate to yield 
an orange oil. This oil is then filtered with n-pentane over neutral alumina. After evaporation of 
the solvent 28a was yielded. (4.11 g, 96.1% yield) 
1H NMR (200 MHz, CDCl3): δ = 7.8 (s, 1H), 7.6 (s, 1H), 0.3 ppm (s, 18H; Si-CH3). 
 
32a: To a solution of 31a (428 mg, 1 mmol) in diethyl ether (15 mL) t-BuLi (2.6 ml, 1.5M  
solution, 4 mmol) was added at –78 ºC. The reaction mixture was stirred 
for 45 min at –78 ºC, and then allowed to slowly warm up to room 
temperature. Elemental sulfur (2 mmol) was added and the resulting mixture was stirred for 1 h. 
After the addition of ethanol, reaction allowed to stir for another 1 h. After removing all solvents 
under vacuum the residue was taken up in n-pentane and filtered through silica. After all volatile 
materials were removed in vacuum an yellow oil was obtained. Small crystals of 32a were 
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obtained from n-pentane at room temperature. Washing with a small amount of cold n-pentane 
yielded 32a as colorless solid.  
1H NMR (200 MHz, CDCl3): δ = 8.3 (s, 1H), 8.1 (s, 1H), 7.5 (s, 2H; thiophene), 0.3 ppm (s, 18H; 
Si-CH3). 
 
28a: To a solution of 32a (335 mg, 1 mmol) in THF (20 ml) TBAF (575 mg, 2.2 mmol) was 
added. The reaction mixture was stirred at room temperature for 3 h. All volatile 
materials were removed in vacuum. The residue was washed with n-pentane and 
the product 28a was obtained as colorless solid (100 mg, 52.8 %). 
1H NMR (200 MHz, CDCl3): δ = 8.3 (s, 1H), 8.2 (s, 1H), 7.4 (d, 3J(H,H) = 8.6 Hz, 2H; 
thiophene), 7.4 ppm (d, 3J(H,H) = 8.7 Hz, 2H; thiophene).  
 
33: 28a (95.2 mg, 0.5 mmol) in THF (10 ml) was cooled to –78o C and n-BuLi (1 mmol) was 
added. The brownish solution was stirred for 45 min and turned orange 
when the temperature was raised slowly to –45 ºC. Bu3SnCl (358 mg, 
1.1 mmol) was added and the reaction mixture was allowed to warm up to room temperature. All 
volatile materials were removed in vacuum and the brown residue was taken up in diethyl ether 
and filtered. The solvent was removed in vacuum and 33 was obtained as tainted oil (242 mg, 
63.2%). 
1H NMR (200 MHz, CDCl3): δ = 8.3 (s, 1H), 8.2 (s, 1H), 7.4 (s, 1H; thiophene), 1.7-0.8 ppm (m; 
54H, Sn-Bu3). 
 
34: To a mixture of 33 (768.4 mg, 1 mmol) and 2-bromothiophene (407.6 mg, 2.5 mmol) in 
toluene (10 mL) a catalytic amount of Pd(PPh3)4 was added and refluxed 
for 12 h at 115 ºC. The reaction mixture showed a bright blue 
fluorescence. After removing all volatile materials in vacuum, a brown residue was obtained. 
After washing with n-pentane, diethyl ether, CHCl3, acetone and a small amount of 
chlorobenzene the product 34 was yielded as dark brown solid that showed yellow fluorescence 
in the solid state. C18H10S4 (353.97g/mol), MS: m/z (relative intensity) 353.9(100%), 354.0(19%), 
356.0(12%), 357.0(6%), 358.2(2%), 352.0(3%). 
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3.6.2 Trithiophene-Phosphole Derivatives 
(Kumada-coupling) 
36: 2-Bromothiophene (16.3 g, 0.1 mol) in diethyl ether (25 mL) was slowly added to Mg    
(2.43 g, 0.1 mol) in diethyl ether (15 mL) and a catalytic amount of iodine was 
added. After 2 h reflux a dark-brown suspension was yielded. To this 
suspension 9.68 g (0.04 mol) 2,5-Dibromothiophene and Ni(dppp)Cl2 (60 mg) in diethyl ether 
(30 mL) was added very slowly After refluxing the reaction mixture for 16 h a red suspension 
was obtained. 
The reaction mixture was poured into ice and 5 N HCl was added. The product was extracted 
with diethyl ether and the organic layer was dried with MgSO4. After evaporation of the solvent 
a brownish solid was obtained and cleaned by means of vacuum distillation (120º C 4*10-1 mbar). 
(7.2 g, 72.5% yield) 
1H NMR (200 MHz, CDCl3): δ = 7.01 (dd, 2H; 4,4’-thiophene), 7.06 (s, 2H; 3’,4’-thiophene) 
7.17(dd, 2H; 3, 3”-thiophene) 7.20 ppm (dd, 2H; 5,5”-thiophene) 
 
37: To a solution of 36 (301 mg, 1.2 mmol) in acetic acid (5 mL) and CHCl3 (15 mL) Br2 (7.28 
mmol) was added at 0 ºC. The reaction mixture was allowed to warm up 
to room temperature and refluxed for 12 h. The precipitated product was 
washed with KOH solution and water. A few needles of 37 could be 
yielded by recrystallization from hot chloroform. Due to the poor solubility the formation of the 
product was confirmed by mass spectroscopy. 
1H NMR (200 MHz, CDCl3): δ = 7.06 (s). MS (70eV) 721.5 (100%) [M+], 561.7(78%)         
[M+–2Br], 401.9(58%) [M+–4Br]. 
 
39: n-BuLi (6.98 mL, 17.46 mmol) was added to 36 (2.17 g, 8.73 mmol) in THF (200 mL) at      
–78 ºC and stirred for 20 min at this temperature and 1h at –20 ºC until 
a green suspension was obtained. MeI (1.09 mL, 17.46 mmol) was 
added at –78 ºC and the reaction mixture was allowed to warm up to room temperature and 
stirred at this temperature (ca. 5h) until a red solution was obtained. All volatile materials were 
removed in vacuum and the residue was dissolved in chloroform and filtered through alumina. 
39 was obtained as a yellow solid that shows green fluorescence and cleaned by means of 
vacuum distillation (170-175 ºC, 0.1 mbar) (94% yield). 
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1H NMR (200 MHz, CDCl3): δ = 6.96 (s, 2H; 3’,4’-thiophene), 6.95 (d, 2H J (H,H) = 3.6 Hz; 
3,3”-thiophene ), 6.66 (m, 2H; 4,4”-thiophene), 2.45 ppm (s, 6H; CH3). 
 
40: NBS (3.1 g 17.4 mmol) was added to a solution of 37 (1.2 g, 4.34 mmol) in CHCl3 (15 mL) 
and acetic acid (10 mL) at 0 ºC in the dark. After stirring for 12 h at 
room temperature the reaction mixture was neutralized with aqueous 
KOH and the product was extracted with CHCl3. The organic layer  was 
dried with MgSO4, the solvent was removed and the oily residue was washed with a small 
amount of warm acetone to give 40 as a yellow solid that was washed with a small amount of n-
pentane. (50% yield) 
1H NMR (200MHz, CDCl3): δ  = 6.8 (s, 2H, thiophene), 2.52 ppm (s, 6H CH3); MS (70eV): m/z 
(relative intensity) 749.4 [M+2Br] (65%), 589.7(10%) [M+], 671.7(6%) [M+ Br]. 
 
41: n-BuLi (0.256 mL, 0.64 mmol) was added to 38 (122 mg, 0.16 mmol) in diethyl ether (250 
mL) and TMEDA (0.5 mL, 0.98 mmol) at –78 ºC The reaction mixture 
was stirred at this temperature for 20 min and allowed to warm up over 
30 min. PhPCl2 (57.3 mg, 0.32 mmol) was added at –78 ºC and the 
reaction mixture was allowed to warm up quickly to room temperature. All volatile materials 
were removed in vacuum and the remaining oil was filtered with ether and CH2Cl2 through 
neutral alumina. An yellow oil was obtained. 
31P{1H} NMR (80.9 MHz, CDCl3): –16.0 ppm 
The experiment was repeated without TMEDA in 500 mL diethyl ether and the same signal was 
obtained in the 31P NMR. 
Cyclotetrathiophene 
42: To a yellow suspension of Ni(COD)2 (1.43 g, 5.2 mmol)  in DMF (12 mL), 1,5-
cyclooctadiene (0.8 mL) and 2,2’-Bipyridine (0.81 g, 5.2 mmol) were added at 
room temperature. After the reaction mixture turned dark-purple 3,4-
dibromothiophene (1 g, 4.1 mmol) in DMF (8 mL) was added slowly and the 
reaction mixture turned brownish red. After stirring for 22 h at 70° C a light 
brown suspension was obtained. Water (100 mL) was added, the product was extracted with 
diethyl ether and dried over MgSO4.  After evaporating all volatile materials in vacuum a brown 
residue was separated, which was filtered over silica gel. n-pentane was used first to wash the 
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starting material through the column, then diethyl ether was used to yield the clean product. 
Washing the silica with CHCl3 gave an additional fraction of the pure product. 
1H NMR (400 MHz, CDCl3): δ = 7.21 ppm (s); 13C NMR (100 MHz, CDCl3): δ = 137.07 (s), 
124.4 ppm (s).  
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3.6.3 3,3’-Dibromo-2,2’-bi(benzo[b]thiophene) 
44: 2,3-dibromobenzothiophene (20 mmol, 5.84 g) was dissolved in diethyl ether (250 mL) n-
BuLi (21 m mol, 8.4 mL) was added at –78 °C the reaction mixture was 
stirred 20 min at this temperature than for 1h at –20 °C and a yellow 
suspension was obtained. After cooling to –78 °C CuCl2 (30 mmol, 4 g) was added and the 
reaction mixture was allowed to warm-up to room temperature and was further stirred at this 
temperature for 10 h. 
The brown precipitate was filtrated of and HCl (5 N, 300 mL) was added at 0 °C. The product 
was extracted with CHCl3 and diethyl ether the red organic phase was washed with HCl (5 N) 
and H2O and dried wit h MgSO4. After evaporating all volatile materials the crude product was 
obtained as an dark oil. The clean product could be obtained as a pink tainted solid after washing 
with acetone. Needle shaped crystals of the product 44 could be obtained after crystallization 
from pentane. (2.31 g, 54.5% yield) 
1H NMR (200 MHz, CDCl3): 7.95-7.78 (m, 4H), 7.40-7.55 (m, 4H); 13C {1H} NMR (125 MHz, 
CDCl3): 139.1, 137.94, 129.34, 126.30 (s; benz), 125.42 (s; benz), 123.99 (s; benz), 122.23 (s; 
benz), 110.83 (s; Ar-Br) ppm. 
 
45: n-BuLi (2.83 mL, 7.08 mmol) was added drop wise to a solution of 44 (1.80 g, 2 mmol) and 
TMEDA (2 mL, 10 mmol) in diethyl ether (200 mL) at –78 °C. After stirring 
for 10 min PhPCl2 (0.63 g, 3.54 mmol) was added subsequently and the 
resulting suspension was allowed to warm quickly to room temperature. The 
solvent was then removed under vacuum, and the residue taken up in CH2Cl2 
(100 mL) and filtered through neutral alumina. After evaporation of the solvent the residue was 
washed with pentane. Needle shaped crystals could be obtained from a toluene solution of 45 at 
0 °C (yield 72%). 
31P{1H} NMR (80.9 MHz, CDCl3): –25.1 (s) ppm; 1H NMR (200 MHz, CDCl3): 7.91-7.84 (br, 
2H) 7.76-7.68 (br, 2H), 7.48- 7.40 (br, 3H) 7.36- 7.24 (br, 6H) ppm; 13C{1H} NMR (100 MHz, 
CDCl3): δ = 143.7 (d, 3J(C,P) = 4.8 Hz; Ar), 143.1 (d,3J(C,P) = 9.58 Hz; Ar), 142.3 (d, 4J(C,P) = 
3.4 Hz; p-Ph), 138.3 (d, 1J(C,P) = 17.3 Hz; ipso-Ar), 133.5 (d, 2J(C,P) = 21.1 Hz; o-Ph), 132.2 (d, 
2J(C,P) = 13.4 Hz, o-Ph), 130.3 (s) 129.5 (d, 3J(C,P) = 7.7 Hz; m-Ph), 125.7 (s; benzo), 124.9 (s; 
benzo), 124.1 (s; benzo), 122.5 ppm (s; benzo). 
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Benzannelated Derivatives 
46: Phosphole 45 (60 mg, 0.16 mmol) was dissolved in 25 mL CH2Cl2 an excess of H2O2 (2mL, 
30% aqueous solution) was added and the mixture was stirred 2 h at room 
temperature. The organic layer was separated, dried with MgSO4 and all 
volatile materials were removed in vacuum. The product 46 was obtained as a 
light-yellow solid and could be recrystallized from acetone providing needle shaped crystals. (53 
mg, 84% yield) 
31P{1H} NMR (80.9 MHz, CDCl3): –16.7 ppm; 1H NMR (200MHz, CDCl3): 7.92-7.76 (m, 6H; 
Ar) 7.55-7.23 (m, 7H; Ar) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ = 146.7 (d, 2J(C,P) = 23.4 
Hz; Ar), 143.4 (d,3J(C,P) = 13.4 Hz; Ar), 136.1 (d, 3J(C,P) = 13.4 Hz; Ar), 133.9 (d, 1J(C,P) = 
111.2 Hz; ipso-Ar), 132.5 (d, 3J(C,P) = 2.9 Hz; benzo), 130.2 (d, 2J(C,P) = 11.5 Hz, o-Ph), 129.2 
(d, 3J(C,P) = 12.5 Hz; m-Ph), 126.3 (s; p-Ph), 125.3 (s; benzo), 123.5 (s; benzo), 123.1 (s; benzo), 
121.8 (d, J(C,P) = 96.8 Hz, ipso-Ph) ppm; elemental analysis calcd. (%) for C22H13S2PS2  
(388.44 g/mol): C 68.02, H 3.37, S 16.51; found: C 68.68, H 2.80, S 16.98. 
 
47: Phosphole 45 (93 mg, 0.25 mmol) was dissolved in 30 mL CH2Cl2 and sulfur was added. 
The mixture was stirred at room temperature 5 h until no further shift of the 
fluorescence could be observed. All volatile materials were removed in 
vacuum. The product 47 was obtained as a light-yellow solid. Crystals were 
formed from a concentrated n-pentane solution (73 mg, 73% yield). 
31P{1H} NMR (80.9 MHz, CDCl3): 23.1 (s) ppm; 1H-NMR (200MHz, CDCl3): 7.97-7.78 (m, 6H; 
Ar) 7.549-7.30 (m, 7H; Ar) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ = 145.1 (d, 2J(C,P) = 20.1 
Hz; Ar), 143.4 (d,3J(C,P) = 13.4 Hz; Ar), 135.7 (d, 1J(C,P) = 92.9 Hz; ipso-Ar), 135.5 (d, 3J(C,P) 
= 13.4 Hz; Ar), 132.5 (d, 3J(C,P) = 3.9 Hz; benzo), 130.6 (d, 2J(C,P) = 12.5 Hz, o-Ph), 129.1 (d, 
3J(C,P) = 13.4 Hz; m-Ph), 126.3 (s; p-Ph), 125.4 (s; benzo), 123.6 (s; benzo), 1232.5 (s; benzo), 
123.3 (d, 1J(C,P) = 52.7 Hz, ipso-Ph) ppm; elemental analysis calcd. (%) for C22H13S3P (403.99 
g/mol): C 65.32, H 3.24, S 23.78; found: C 65.09, H 3.53, S 23.42. 
 
 
 
 
 
S
P
S
O
S
P
S
S
102  3 Experimental 
 
48: An excess of methyl triflate (200 mg, 1.2 mmol) was added to a solution of the phosphole 45  
(406 mg, 1.09 mmol) in CH2Cl2 (25 mL) and stirred 24 h at room temperature. 
The yellow suspension became dark-orange. After evaporating all volatile 
materials in vacuum the remaining solid was washed with n-pentane, ether 
and acetone. The product 49 was obtained as a yellow solid. Recrystallization from acetone 
provides single crystals suitable for X-ray analysis.  
31P{1H} NMR (80.9 MHz, CDCl3): δ = 11.4 (s) ppm; 1H-NMR (200 MHz, CDCl3): 8.01 (m, 2H; 
Ar) 7.91 (m, 4H), 7.69 (m, 1H; p-Ph), 7.61 (m, 2H), 7.54 (2H), 7.45 (2H), 3.01 ppm (d, 3J(P,H) 
14.8 Hz; P-Me); 13C{1H} NMR (100 MHz, CDCl3): δ = 150.6 (d, 2J(C,P) = 23.4 Hz; Ar), 143.5 
(d,2J(C,P) = 21.0 Hz; Ar), 141.6 (d, 1J(C,P) = 58.3 Hz; ipso-Ar), 136.3 (d, 4J(C,P) = 3.0 Hz; Ar), 
134.6 (d, 3J(C,P) = 14.2 Hz; benzo), 132.7 (d, 2J(C,P) = 13.2 Hz, o-Ph), 131.3 (d, 3J(C,P) = 14.2 
Hz; m-Ph), 128.5 (s; p-Ph), 127.4 (s; benzo), 124.3 (s; benzo), 122.9 (s; benzo), 121.7 (d, 1J(C,P) 
= 81.54 Hz, ipso-Ph), 122.8 (s; Ar), 122.0 (s; Ar), 6.9 ppm (d, 1J(C,P) = 53 Hz; CH3).  
 
49: An excess of MeI (170 mg, 1.2 mmol) was added to a solution of the phosphole 45 (406 mg, 
1.09 mmol) in CH2Cl2 (25 mL) and stirred at room temperature. The reaction 
was controlled by NMR spectroscopy after 24h. A further excess of MeI was 
added and the reaction mixture was strirred 2 days. 
31P{1H} NMR (160 MHz, CDCl3): δ = 13.2 (s) ppm.  
 
50: An excess of BH3.SMe2 (2 mL, 1 M solution) was added to the phosphole 45 (372 mg, 1 
mmol) in CH2Cl2 (30 mL) and stirred 5h at room temperature. After 
evaporation of the solvent the crude product 50 could be obtained as a yellow 
powder and washed with n-pentane and recrystallized from toluene. (243 mg, 
63% yield) 
31P{1H} NMR (80.9 MHz, CDCl3): δ = 16.9 ppm (s); 11B{1H} NMR (160.3 MHz, CDCl3): δ = –
39.3 (br. s; BH3) ppm; 1H NMR (200 MHz, CDCl3): 7.92-7.76 (m, 6H; Ar) 7.55-7.30 (m, 7H; 
Ar); 1.28 (s, 3H, BH3) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ = 145.7 (d, 3J(C,P) = 10.2 Hz; 
Ar), 143.3 (d, 3J(C,P) = 10.7 Hz; Ar), 136.4 (d, 3J(C,P) = 14.4 Hz; Ar), 134.2 (d, 1J(C,P) = 66.0 
Hz; ipso-Ar), 133.1 (d, 2J(C,P) = 21.5 Hz; o-Ph), 132.2 (d, 4J(C,P) = 2.5 Hz; p-Ph), 132.04 (d, 
3J(C,P) = 11.1 Hz; m-Ph), 129.3 (d, 3J(C,P) = 12.5 Hz; Ar), 126.1 (s; benzo), 125.4 (s; benzo), 
123.7 (s; benzo), 122.7 ppm (s; benzo). 
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CH3
I
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51: Au(THT)Cl (320 mg, 1 mmol) was added to a solution of 45 (372 mg, 1 mmol) in CH2Cl2  
(20 mL). After stirring 2 h at room temperature, the yellow precipitate was 
filtered off, washed with pentane and dried in vacuum. (338 mg, 56% yield).  
31P{1H} NMR (80 MHz, CDCl3): δ = 2.44 (s) ppm; 1H NMR (200MHz, 
CDCl3): 7.99-7.96 (m, 2H; Ar) 7.83-7.79 (m, 2H; Ar) 7.77-7.71(m, 2H; Ar) 7.58-7.53 (m, 1H; 
Ar) 7.48-7.41 (m, 6H; Ar) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ = 143.4 (d, 3J(C,P) = 2.5 
Hz; Ar), 135.8 (d, 3J(C,P) = 15.7 Hz; Ar), 133.6 (d, 3J(C,P) = 18.9 Hz; Ar), 133.1 (d, 4J(C,P) = 
2.5 Hz;  p-Ph), 129.8 (d, 3J(C,P) = 13.08 Hz; m-Ph), 126.6 (s; benzo), 125.8 (s; benzo), 123.9 (s; 
benzo), 122.3 ppm (s; benzo)  
S
P
S
AuCl
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A. Appendix 
A.1 Index of Compounds 
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A.2 Crystallographic Data 
Supplementary crystallographic data for 10a, 11c, 14b, 21, 22, 24e,f, and 27 can be obtained free 
of charge via Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, 
UK (Fax: (+44)1223 336 033; e-mail: deposit@ccdc.cam.ac.uk). Details of the data collection 
for compounds 16-19 and 46-48 are given in the tables A1-A14. 
 
Data were collected on a Bruker SMARTD8 goniometer with APEX CCD detector using Mo-Ka 
radiation. SADABS method of correcting absorption was applied in all cases. The structures 
were solved with SHELXS1 and refined with SHELXL1. All non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were placed geometrically and refined using riding model. 
                                                
1 Sheldrick, G. M., SHELXS-97, A program for automatic solution of crystal structures, University of Goettingen, 
Goettingen (Germany), 1997, Release 97-2. Sheldrick, G. M., SHELXL-97, A program for crystal structure 
refinement, University of Goettingen, Goettingen (Germany), 1997. Release 97-2. 
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Table A1. Crystal data and structure refinement of 16 
Empirical formula  C14 H4 F5 P S2 
Formula weight  362.26 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  orthorhombic 
Space group  Pcab 
Unit cell dimensions a = 11.0038(11) Å α = 90º 
 b = 14.7512(16) Å  β = 90º 
 c = 15.7784(16) Å γ = 90º 
Volume 2561.1(5) Å3 
Z 8 
Density (calculated) 1.879 Mg/m3 
Absorption coefficient 0.592 mm-1 
F(000) 1440 
Crystal size 0.15 x 0.15 x 0.35 mm3 
Theta range for data collection 2.58 to 30.87º 
Index ranges –11<=h<=15, –18<=k<=19, –21<=l<=18 
Reflections collected 19045 
Independent reflections 3471 [R(int) = 0.0675] 
Completeness to theta = 30.87º 86.2 %  
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 3471 / 0 / 199 
Goodness-of-fit on F2 0.791 
Final R indices [I>2sigma(I)] R1 = 0.0359, wR2 = 0.1033 
R indices (all data) R1 = 0.0423, wR2 = 0.1078 
Largest diff. peak and hole 0.574 and –0.316 eÅ
-3
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Table A2. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2 x 103) 
for 16. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
P(1) 931(1) 2177(1) 1173(1) 12(1) 
S(2) -2064(1) 720(1) 199(1) 15(1) 
S(1) -2223(1) 1439(1) 2522(1) 15(1) 
F(1) 2147(1) 1176(1) 2768(1) 18(1) 
F(5) 2698(1) 1793(1) -152(1) 17(1) 
F(2) 4353(1) 439(1) 2820(1) 18(1) 
F(4) 4881(1) 991(1) -92(1) 19(1) 
F(3) 5726(1) 305(1) 1409(1) 20(1) 
C(15) 2782(1) 1139(1) 2041(1) 12(1) 
C(6) -9(1) 1498(1) 471(1) 12(1) 
C(4) -1129(1) 1525(1) 1748(1) 12(1) 
C(8) -1023(1) 778(1) -615(1) 16(1) 
C(14) 3919(2) 747(1) 2082(1) 14(1) 
C(2) -174(2) 2162(1) 2921(1) 16(1) 
C(10) 2313(1) 1495(1) 1296(1) 12(1) 
C(12) 4198(2) 1026(1) 607(1) 14(1) 
C(1) -1268(2) 1933(1) 3258(1) 17(1) 
C(11) 3068(2) 1432(1) 590(1) 12(1) 
C(3) -76(1) 1922(1) 2052(1) 12(1) 
C(5) -1084(1) 1271(1) 868(1) 12(1) 
C(13) 4625(1) 681(1) 1365(1) 14(1) 
C(7) 22(2) 1214(1) -387(1) 14(1) 
________________________________________________________________________________ 
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Table A3. Crystal data and structure refinement for 17 
Empirical formula  C14 H4 F5 O P S2 
Formula weight  378.26 
Temperature  130(2) K 
Wavelength  0.71073  
Crystal system  Monoclinic 
Space group  P2(1)/n   
Unit cell dimensions a = 11.118(2) Å α = 90º 
 b = 9.708(2) Å β = 105.085(4)º 
 c = 13.664(3) Å γ = 90º 
Volume 1424.0(5) Å3 
Z 4 
Density (calculated) 1.764 Mg/m3 
Absorption coefficient 0.541 mm-1 
F(000) 752 
Crystal size 0.35 x 0.32 x 0.18 mm3 
Theta range for data collection 2.11 to 28.30º 
Index ranges -14<=h<=14, -12<=k<=12, -18<=l<=18 
Reflections collected 19020 
Independent reflections 3540 [R(int) = 0.0850] 
Completeness to theta = 28.30º 100.0 %  
Absorption correction None 
Max. and min. transmission 0.9088 and 0.8331 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3540 / 0 / 190 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0366, wR2 = 0.0949 
R indices (all data) R1 = 0.0414, wR2 = 0.0971 
Largest diff. peak and hole 0.606 and -0.491 e Å-3 
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Table A4. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 17.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
P(1) 9018(1) 8429(1) 140(1) 15(1) 
S(1) 7879(1) 4386(1) 496(1) 29(1) 
S(2) 11159(1) 5375(1) 1943(1) 29(1) 
O(1) 9219(1) 9022(1) -803(1) 19(1) 
F(1) 6613(1) 9746(1) -667(1) 25(1) 
F(2) 5397(1) 11641(1) 132(1) 35(1) 
F(3) 6369(1) 12535(1) 2064(1) 41(1) 
F(4) 8631(1) 11605(1) 3148(1) 36(1) 
F(5) 9865(1) 9747(1) 2361(1) 24(1) 
C(1) 6622(2) 5142(2) -346(1) 28(1) 
C(2) 6842(1) 6480(2) -543(1) 22(1) 
C(3) 8046(1) 6913(2) 6(1) 18(1) 
C(4) 8715(2) 5878(2) 601(1) 21(1) 
C(5) 9968(2) 6260(2) 1158(1) 21(1) 
C(6) 10293(1) 7602(2) 1023(1) 19(1) 
C(7) 11535(1) 7913(2) 1568(1) 23(1) 
C(8) 12110(1) 6809(1) 2105(1) 29(1) 
C(11) 8279(1) 9654(1) 811(1) 17(1) 
C(12) 7131(1) 10181(1) 286(1) 20(1) 
C(13) 6484(1) 11140(1) 684(1) 24(1) 
C(14) 6986(1) 11604(1) 1664(1) 27(1) 
C(15) 8127(1) 11124(1) 2207(1) 25(1) 
C(16) 8763(1) 10167(1) 1788(1) 19(1) 
___________________________________________ 
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Table A5. Crystal data and structure refinement for 18 
Empirical formula  C14 H2 Br2 F5 O P S2 
Formula weight  536.07 
Temperature  130(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 8.5312(9) Å α = 90º 
 b = 18.197(2) Å β = 101.292(2)º 
 c = 10.4382(11) Å γ = 90º 
Volume 1589.0(3) Å3 
Z 4 
Density (calculated) 2.241 Mg/m3 
Absorption coefficient 5.519 mm-1 
F(000) 1024 
Crystal size 0.50 x 0.42 x 0.32 mm3 
Theta range for data collection 2.24 to 30.80º 
Index ranges -12<=h<=12, -26<=k<=26, -14<=l<=14 
Reflections collected 23473 
Independent reflections 4686 [R(int) = 0.0340] 
Completeness to theta = 30.80º 94.2 %  
Max. and min. transmission 0.2711 and 0.1689 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4686 / 0 / 226 
Goodness-of-fit on F2 0.778 
Final R indices [I>2sigma(I)] R1 = 0.0264, wR2 = 0.0880 
R indices (all data) R1 = 0.0356, wR2 = 0.0967 
Largest diff. peak and hole 0.660 and -0.682 e Å-3 
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Table A6. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 18.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Br(1) 1997(1) 4771(1) 720(1) 17(1) 
Br(2) 13108(1) 3026(1) 3289(1) 19(1) 
S(1) 5520(1) 4422(1) 1989(1) 14(1) 
S(2) 9742(1) 3715(1) 3009(1) 16(1) 
P(1) 7089(1) 2905(1) -516(1) 10(1) 
F(1) 10317(2) 3363(1) -1318(1) 21(1) 
F(2) 10688(2) 4181(1) -3343(2) 33(1) 
F(5) 4726(2) 3447(1) -2782(1) 20(1) 
F(3) 8096(2) 4663(1) -5092(2) 32(1) 
F(4) 5124(2) 4267(1) -4804(1) 25(1) 
C(3) 5787(3) 3509(1) 172(2) 11(1) 
C(10) 7493(3) 3398(1) -1934(2) 12(1) 
C(1) 3911(3) 4277(1) 725(2) 13(1) 
C(4) 6619(3) 3805(1) 1309(2) 12(1) 
C(8) 11014(3) 3130(1) 2393(2) 14(1) 
C(15) 6214(3) 3633(1) -2880(2) 13(1) 
C(5) 8261(2) 3557(1) 1684(2) 12(1) 
C(11) 9008(3) 3588(1) -2139(2) 15(1) 
C(2) 4196(3) 3779(1) -174(2) 12(1) 
C(6) 8735(3) 3074(1) 812(2) 12(1) 
C(12) 9221(3) 4010(1) -3188(2) 20(1) 
C(7) 10331(3) 2820(1) 1227(2) 14(1) 
C(13) 7908(3) 4251(1) -4075(2) 20(1) 
C(14) 6396(3) 4057(1) -3931(2) 17(1) 
O(1) 6592(2) 2139(1) -817(2) 16(1) 
________________________________________________________________________________ 
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Table A7. Crystal data and structure refinement for 19 
Empirical formula  C15 H6 Au Cl3 F5 P S2 
Formula weight  679.60 
Temperature  273(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorombic 
Space group  Fdd2 
Unit cell dimensions a = 28.242(3) Å α = 90º 
 b = 30.024(3) Å β = 90º 
 c = 8.9122(10) Å γ = 90º 
Volume 7557.0(15) Å3 
Z 16 
Density (calculated) 2.389 Mg/m3 
Absorption coefficient 8.562 mm-1 
F(000) 5088 
Crystal size 0.45 x 0.10 x 0.12 mm3 
Theta range for data collection 2.49 to 30.84º 
Index ranges -39<=h<=40, -42<=k<=42, -12<=l<=12 
Reflections collected 28093 
Independent reflections 5626 [R(int) = 0.1526] 
Completeness to theta = 30.84º 97.1 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5626 / 1 / 244 
Goodness-of-fit on F2 1.080 
Final R indices [I>2sigma(I)] R1 = 0.0424, wR2 = 0.0985 
R indices (all data) R1 = 0.0442, wR2 = 0.0991 
Absolute structure parameter -0.013(7) 
Largest diff. peak and hole 3.544 and -1.825 e.Å-3 
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Table A8. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 19. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Au(1) 7850(1) 2893(1) 10002(1) 16(1) 
P(1) 8375(1) 2521(1) 11368(2) 15(1) 
Cl(1) 7346(1) 3359(1) 8737(2) 22(1) 
S(1) 9196(1) 3137(1) 14689(2) 27(1) 
F(1) 9020(2) 2648(2) 8828(5) 25(1) 
F(3) 9448(2) 1172(2) 7851(5) 30(1) 
F(4) 8891(2) 895(1) 10156(5) 30(1) 
F(5) 8379(2) 1477(2) 11718(4) 25(1) 
C(1) 9399(3) 3344(3) 13006(9) 29(2) 
C(2) 9167(2) 3173(3) 11798(9) 23(1) 
C(3) 8823(2) 2860(2) 12238(7) 16(1) 
C(4) 8791(2) 2810(2) 13791(7) 19(1) 
C(5) 8432(2) 2502(2) 14275(7) 18(1) 
C(6) 8177(2) 2306(2) 13128(7) 17(1) 
C(7) 7807(2) 2024(3) 13667(8) 20(1) 
C(8) 7801(2) 2019(3) 15197(8) 22(1) 
C(10) 8688(3) 2090(2) 10375(6) 16(1) 
C(11) 8986(2) 2216(2) 9179(7) 19(1) 
C(12) 9239(3) 1914(3) 8337(8) 23(1) 
C(13) 9207(3) 1470(3) 8662(8) 23(1) 
C(14) 8924(2) 1330(2) 9822(8) 21(1) 
C(15) 8666(2) 1637(2) 10647(7) 19(1) 
S(2) 8231(1) 2344(1) 16001(2) 22(1) 
F(6) 9506(2) 2055(2) 7195(5) 30(1) 
Cl(2) 2289(1) 390(1) 5127(6) 72(1) 
Cl(3) 1725(1) 1057(1) 6683(2) 40(1) 
C(90) 2292(3) 831(3) 6435(10) 35(2) 
________________________________________________________________________________ 
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Table A9. Crystal data and structure refinement for 46 
Empirical formula  C22 H13 O P S2 
Formula weight  388.41 
Temperature  110(2) K 
Wavelength  0.71073Å 
Crystal system  Monoclinic 
Space group  P2(1)/n   
Unit cell dimensions a = 10.151(2)Å α = 90º 
 b = 10.998(2)Å β = 93.90(3)º 
 c = 15.705(3)Å γ = 90º 
Volume 1749.2(6)Å3 
Z 4 
Density (calculated) 1.475 Mg/m3 
Absorption coefficient 0.404 mm-1 
F(000) 800 
Crystal size 0.47 x 0.24 x 0.06 mm3 
Theta range for data collection 2.26 to 30.12º 
Index ranges -14<=h<=13, -15<=k<=15, -22<=l<=21 
Reflections collected 22115 
Independent reflections 5038 [R(int) = 0.0508] 
Completeness to theta = 30.12º 97.6 %  
Absorption correction Empirical 
Max. and min. transmission 0.9762 and 0.8327 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5038 / 0 / 235 
Goodness-of-fit on F2 1.139 
Final R indices [I>2sigma(I)] R1 = 0.0520, wR2 = 0.1148 
R indices (all data) R1 = 0.0632, wR2 = 0.1195 
Largest diff. peak and hole 0.575 and -0.331 eÅ-3 
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Table A10. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 46 U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
P(1) 1470(1) 7730(1) 1263(1) 12(1) 
S(1) 4210(1) 4982(1) 2041(1) 16(1) 
S(2) 897(1) 5015(1) 3118(1) 15(1) 
C(9) 1580(2) 5941(2) 2369(1) 14(1) 
O(1) 1615(1) 9060(1) 1417(1) 18(1) 
C(8) 2835(2) 5913(2) 1948(1) 14(1) 
C(10) 736(2) 6850(2) 2077(1) 14(1) 
C(7) 2927(2) 6803(2) 1334(1) 13(1) 
C(6) 4126(2) 6752(2) 910(1) 14(1) 
C(1) 4578(2) 7487(2) 257(1) 19(1) 
C(16) -1631(2) 7571(2) 2286(1) 20(1) 
C(12) -579(2) 5832(2) 3010(1) 16(1) 
C(21) 560(2) 7436(2) 263(1) 13(1) 
C(11) -520(2) 6812(2) 2435(1) 16(1) 
C(5) 4930(2) 5780(2) 1231(1) 15(1) 
C(26) 12(2) 6208(2) -985(1) 19(1) 
C(2) 5792(2) 7246(2) -53(1) 23(1) 
C(23) -357(2) 8306(2) -40(1) 15(1) 
C(4) 6155(2) 5540(2) 919(1) 20(1) 
C(22) 746(2) 6385(2) -215(1) 15(1) 
C(13) -1723(2) 5599(2) 3437(1) 21(1) 
C(3) 6583(2) 6281(2) 282(1) 23(1) 
C(25) -907(2) 7080(2) -1280(1) 18(1) 
C(24) -1084(2) 8130(2) -812(1) 18(1) 
C(14) -2801(2) 6349(2) 3277(1) 24(1) 
C(15) -2754(2) 7333(2) 2705(2) 25(1) 
________________________________________________________________________________ 
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Table A11. Crystal data and structure refinement for 47 
Empirical formula  C22 H13 P S3 
Formula weight  404.47 
Temperature  110(2) K 
Wavelength  0.71073Å 
Crystal system  Triclinic 
Space group  P-1    
Unit cell dimensions a = 8.292(2)Å α = 110.977(5)º 
 b = 13.855(3)Å β = 91.980(5)º 
 c = 17.940(4)Å γ = 103.165(5)º 
Volume 1858.5(7)Å3 
Z 4 
Density (calculated) 1.446 Mg/m3 
Absorption coefficient 0.488 mm-1 
F(000) 832 
Crystal size 0.24 x 0.20 x 0.09 mm3 
Theta range for data collection 1.23 to 27.17º 
Index ranges -10<=h<=10, -17<=k<=17, -22<=l<=22 
Reflections collected 23875 
Independent reflections 8210 [R(int) = 0.0564] 
Completeness to theta = 27.17º 99.4 %  
Absorption correction Empirical 
Max. and min. transmission 0.9574 and 0.8919 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8210 / 0 / 469 
Goodness-of-fit on F2 0.932 
Final R indices [I>2sigma(I)] R1 = 0.0433, wR2 = 0.0864 
R indices (all data) R1 = 0.0654, wR2 = 0.1123 
Largest diff. peak and hole 0.530 and -0.311 eÅ-3 
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Table A12. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 47. U(eq) is defined as one third of  the trace of the orthogonalized Uij  tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
P(1) 6997(1) 6243(1) 1879(1) 22(1) 
P(1A) 5332(1) 7899(1) 5865(1) 21(1) 
S(2A) 3232(1) 4876(1) 5970(1) 24(1) 
S(3A) 6321(1) 6922(1) 7775(1) 25(1) 
S(2) 6767(1) 6771(1) -305(1) 29(1) 
S(1) 5022(1) 5923(1) 2388(1) 30(1) 
S(3) 7667(1) 4187(1) -425(1) 31(1) 
S(1A) 7021(1) 8272(1) 5231(1) 33(1) 
C(9A) 5496(3) 6974(2) 6893(2) 20(1) 
C(8A) 4379(3) 6177(2) 6187(2) 21(1) 
C(16A) 8142(4) 9757(2) 7642(2) 25(1) 
C(6A) 3062(3) 5753(2) 4898(2) 21(1) 
C(7A) 4175(3) 6528(2) 5578(2) 21(1) 
C(10A) 6085(3) 7946(2) 6830(2) 21(1) 
C(10) 7486(4) 5131(2) 1100(2) 23(1) 
C(8) 7060(4) 6265(2) 427(2) 24(1) 
C(9) 7415(4) 5268(2) 384(2) 25(1) 
C(1A) 2570(4) 5819(2) 4166(2) 24(1) 
C(7) 6842(3) 6907(2) 1184(2) 23(1) 
C(5A) 2427(3) 4796(2) 5026(2) 21(1) 
C(12A) 7517(4) 8250(2) 8068(2) 24(1) 
C(11A) 7252(3) 8701(2) 7498(2) 21(1) 
C(6) 6419(3) 7860(2) 1200(2) 23(1) 
C(21A) 3779(4) 8659(2) 6016(2) 22(1) 
C(13A) 8651(4) 8819(2) 8763(2) 29(1) 
C(21) 8904(4) 6984(2) 2578(2) 22(1) 
C(22) 8854(4) 7345(2) 3398(2) 25(1) 
C(4A) 1327(4) 3917(2) 4442(2) 27(1) 
C(1) 6077(4) 8698(2) 1845(2) 28(1) 
C(5) 6355(4) 7906(2) 422(2) 25(1) 
C(4) 5984(4) 8761(3) 288(2) 32(1) 
C(15A) 9280(4) 10317(2) 8330(2) 28(1) 
C(11) 7776(4) 4124(2) 1032(2) 25(1) 
C(26A) 2327(4) 8323(2) 6309(2) 33(1) 
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C(12) 7900(4) 3517(2) 218(2) 29(1) 
C(14A) 9532(4) 9850(3) 8885(2) 32(1) 
C(16) 7894(4) 3677(3) 1618(2) 33(1) 
C(22A) 4027(4) 9574(3) 5845(2) 33(1) 
C(2A) 1494(4) 4945(2) 3590(2) 29(1) 
C(3A) 879(4) 3999(2) 3726(2) 30(1) 
C(25) 11889(4) 7706(3) 2810(2) 39(1) 
C(2) 5702(4) 9544(3) 1710(2) 34(1) 
C(26) 10420(4) 7162(3) 2282(2) 34(1) 
C(24) 11832(4) 8068(3) 3625(2) 35(1) 
C(23) 10329(4) 7899(2) 3922(2) 35(1) 
C(3) 5667(4) 9579(3) 936(2) 36(1) 
C(24A) 1379(5) 9801(3) 6256(2) 40(1) 
C(13) 8095(4) 2474(3) -17(2) 37(1) 
C(15) 8092(4) 2657(3) 1387(2) 39(1) 
C(25A) 1127(4) 8893(3) 6428(2) 40(1) 
C(14) 8187(4) 2058(3) 574(2) 42(1) 
C(23A) 2818(5) 10147(3) 5975(2) 42(1) 
________________________________________________________________________________ 
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Table A13.  Crystal data and structure refinement for 48 
Empirical formula  C24 H16 F3 O3 P S3 
Formula weight  536.52 
Temperature  273(2) K 
Wavelength  0.71073Å 
Crystal system  Tricilinic 
Space group  P–1 
Unit cell dimensions a = 9.3146(13)Å α = 113.546(2)º 
 b = 10.6391(15)Å β = 93.590(2)º 
 c = 12.5703(18)Å γ = 93.141(2)º 
Volume 1135.4(3)Å3 
Z 2 
Density (calculated) 1.569 Mg/m3 
Absorption coefficient 0.448 mm-1 
F(000) 548 
Crystal size 0.28 x 0.18 x 0.09 mm3 
Theta range for data collection 1.77 to 25.65º 
Index ranges -11<=h<=11, -12<=k<=12, -15<=l<=15 
Reflections collected 12527 
Independent reflections 4292 [R(int) = 0.0520] 
Completeness to theta = 25.65º 99.7 %  
Max. and min. transmission 0.9608 and 0.8848 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4292 / 0 / 371 
Goodness-of-fit on F2 0.931 
Final R indices [I>2sigma(I)] R1 = 0.0370, wR2 = 0.0739 
R indices (all data) R1 = 0.0550, wR2 = 0.0789 
Largest diff. peak and hole 0.366 and -0.331 eÅ-3 
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Table A14. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for 48. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
P(1) 6806(1) 7019(1) 3055(1) 16(1) 
S(2) 4341(1) 3846(1) 3424(1) 21(1) 
S(1) 7941(1) 3010(1) 2209(1) 20(1) 
S(3) 10734(1) 638(1) 2705(1) 19(1) 
F(3) 12805(2) 456(2) 1356(1) 39(1) 
F(2) 13317(2) -198(2) 2722(2) 47(1) 
O(3) 10316(2) -185(2) 3325(2) 25(1) 
F(1) 11872(2) -1482(2) 1242(2) 48(1) 
O(2) 9718(2) 540(2) 1763(2) 29(1) 
O(1) 11351(2) 2003(2) 3434(2) 26(1) 
C(10) 5696(3) 4819(2) 3169(2) 17(1) 
C(17) 3303(3) 7647(3) 4220(2) 22(1) 
C(12) 4005(3) 6435(2) 3860(2) 18(1) 
C(7) 9129(3) 5205(2) 2028(2) 18(1) 
C(2) 10145(3) 6005(3) 1743(2) 21(1) 
C(8) 7824(3) 5561(2) 2564(2) 18(1) 
C(5) 10515(3) 3210(3) 1210(2) 24(1) 
C(21) 6218(2) 7503(2) 1906(2) 16(1) 
C(27) 12259(3) -189(3) 1970(2) 27(1) 
C(9) 7078(3) 4490(2) 2690(2) 18(1) 
C(22) 6924(3) 8619(3) 1789(2) 22(1) 
C(11) 5378(3) 6144(2) 3427(2) 17(1) 
C(6) 9329(3) 3809(2) 1759(2) 19(1) 
C(16) 1968(3) 7666(3) 4624(2) 25(1) 
C(13) 3303(3) 5251(2) 3905(2) 18(1) 
C(14) 1950(3) 5272(3) 4305(2) 23(1) 
C(25) 4647(3) 7077(3) 204(2) 23(1) 
C(3) 11315(3) 5409(3) 1206(2) 25(1) 
C(24) 5344(3) 8181(3) 85(2) 23(1) 
C(23) 6478(3) 8944(3) 866(2) 25(1) 
C(4) 11498(3) 4023(3) 931(2) 26(1) 
C(1) 7696(3) 8442(3) 4243(2) 23(1) 
C(26) 5083(3) 6726(3) 1109(2) 20(1) 
C(15) 1297(3) 6485(3) 4673(2) 24(1) 
___________________________________________________________________________ 
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